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STATEMENT OF THE PROBLEM 


The transfer of ions in both directions across the cell membrane is a matter 
of major biological importance. While problems involving permeability have led 
to a vast and prolix literature, only meager attention has centered on the specific 
distribution of electrolytes within single cells. The limitations of earlier techniques 
were emphasized by Hastings (1941) in his Harvey lecture on the tissues and body 
fluids, in which he early recognized the value of radioactive isotopes. The subject 
of permeability has been recently reviewed by S. C. Brooks (1945). Our interest 
has centered in the dynamic equilibria of a protoplasmic system, their control by 
diffusion and the blocking of internal exchange. Use of radioactive tracer tech- 
niques has given new precision to the qualitative and quantitative study of small 
ionic transfers within cellular dimensions. Accordingly, in this paper are given 
results of an investigation undertaken to determine how much and how fast traced 
sodium (containing Na**) exchanges with normal sodium (Na**) in a verte- 
brate egg. 


MATERIALS AND METHODS 


Ovarian “winter” eggs of the frog, Rana pipiens, were chosen because they are 
single cells; spherical and of large size. Throughout the fall and winter quarters 
of the year, they are readily available in quantity (without hormone stimulation). 
In addition to the vitelline membrane, ovarian eggs possess two thin epithelial 
layers which could be removed successively by fine-pointed forceps. However, in 
most of the experiments, these membranes were left intact, because of the possi- 
bility of injury to the cell surface. Amphibian eggs are ideal for volume measure- 
ments. One unique advantage is that they possess an extremely large nucleus, or 
germinal vesicle, approximately 0.5 mm. in diameter, which may be isolated easily 
under a dissecting microscope in a Ca-free medium (Duryee, 1937). 
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Eggs were isolated individually in standard Ringer solution: NaCl, 0.66 g.; 
KCl, 0.014 g.; CaCl,, 0.012 g. ; distilled H,O, 100 ml. All solutions were buffered 
to pH 7.6 with NaHCO,. As described below, Na** was incorporated in experi- 
mental solutions as NaCl. 

Active healthy frogs were selected. After ovaries of pithed animals were 
removed as bloodlessly as possible, fresh Ringer solution was poured over them 
before transfer to small beakers. A small lobe of an ovary was next cut off with 
iridectomy scissors taking care not to injure the cells. Groups of 20-30 eggs were 
next transferred to Syracuse dishes where individual eggs were cut apart. All 
small yellow or transparent eggs were removed and the ovarian wall was trimmed 
off flush with the theca membranes of each full-size egg. In this way, using a 
dissecting microscope to insure precise excision, it was possible to obtain from 
40 to 60 separate eggs per hour. Average volume was 2.86 mm*, based on an 
average diameter of 1.76 mm. An important step was the reexamination of indi- 
vidual eggs to reject those which might have been nicked or crushed. Aspherical 
eggs were also discarded along with any less than 1.65 mm. in diameter. Follow- 
ing these procedures, a final screening for uniformity of diameter was made. This 
consisted of shaking approximately 100 eggs in a flat bottom shallow dish to obtain 
a single layer with close packing. Any cell not obviously tangent to its six neigh- 
bors was discarded. 

Eggs were conveniently handled individually with a pipette having an internal 
diameter just larger than that of the cell itself. In a few experiments where short 
exposures involving miniinum transfer of external radioactive material was essen- 
tial, each egg was advantageously picked up by the short flap of theca membrane 
with sharp forceps. 


Ficure 1. Sectional view of plexiglas cup for measuring radioactivity in frog egg. Actual size. 


For experiments on dead cells, a method of killing involving minimal change 
was sought. After rejecting reagents such as alcohol, acetic acid and KCN, we 
standardized on heating to 65° C. for ten minutes in normal Ringer. 

Groups of 10-20 eggs were exposed in small beakers containing 20 ml. of Ringer. 
Temperature was maintained in water baths controlled to +0.5° C. The presence 
of water vapor surrounding the beakers kept down evaporation, which by weighing 
was found to be negligible over periods up to 24 hours. 

Upon removing a cell from the radioactive Ringer, it was put through two 
washes of normal Ringer before transfer to the measuring cup. One or two eggs 
were first transferred in a vertically held pipette allowing them to sink to the 
meniscus. By merely touching the surface of the washing fluid, the eggs dropped 
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from the pipette, thus avoiding transfer of more than one or two cubic millimeters 
of previous fluid. Washing vials each held 7 mi. It was considered advisable to 
use a fresh pipette for each successive transfer. Since it was found that Na 
could be washed from the cell interiors, the process was reduced to a standard 
thirty seconds. 

For measurement in the Geiger counter, eggs were transferred from the second 
washing vial to special plexiglas cups (see Fig. 1) again in a vertically held 
pipette. Not more than 5 mm* of the second wash fluid was thus transferred 
with the egg. Tests of this fluid showed negligible radioactivity. 


Radioactive solutions 


The radioactive Na** was prepared in the cyclotron by bombardment of metallic 
sodium with 16 m.e.v. deuterons. The metal was dissolved in ethyl alcohol and 
converted into NaCl with 12 N hydrochloric acid. The mixture was then dried 
and ignited at red heat to produce a neutral salt free of organic material. Weighed 
amounts of the radioactive salt were converted into amphibian Ringer solution. 
To obtain a relation between quantity and radioactivity of Na**, a known aliquot 
of the Ringer was evaporated to dryness and measured with a Geiger counter. A 
typical result was as follows: 1 ml. of amphibian Ringer was diluted to 500 ml. 
A volume of 0.039 ml. of this solution was dried and measured on the counter. 
Since 1 ml. of the Ringer contained 0.026 g. Na, the aliquot possessed 0.026 x 1/500 
x 0.039 = 2.03 x 10-7 g. Na. This sample gave 1600 counts/min. Thus 1000 
counts/min. represented 1.27 x 107 g. Na. 

For each solution made up with radioactive sodium, controls were made up 
with identical amounts of normal NaCl. The radioactivity of the solutions was 
such that the radiation level was less than an amount which would produce 1 
r.e.p./min. No visible cytological changes were produced by this level of radiation. 
In view of the well-known tolerance of frog eggs to much larger dosage of X-rays, 
it is fair to assume that radiological effects were negligible in our results. 


Radio-autographs 


A new variant of conventional methods of making radio-autographs has been 
devised to fit the purpose of recording radioactivity distribution within a single cell. 
Our technique consisted essentially of quick-freezing in liquid air, followed by 
sectioning the cell to a known thickness, and then exposing the section in a light- 
proof cold box to a photographic plate. 

Eggs were rapidly rinsed (5 sec.) in two washes of normal Ringer (7 ml. 
each), oriented in a 1.8 mm. hole in thin calibrated bronze strips (1.5 x 3.5 cm. 
and either 80 or 200» thick) and plunged into liquid air. The orientation was 
such that the axis of the egg was parallel to the surface of the strip. It was calcu- 
lated that freezing of a 1.7 mm. egg at — 180° C. would be completed at the center 
in about 0.2 sec. This time should be compared with the ten minutes necessary 
for partial equilibrium of ionic diffusion in the egg at normal temperatures. The 
bronze strip containing the frozen cell was then placed on a previously cooled 
brass block (see Fig. 2) and both were transferred to the stage of a dissecting 
microscope. Using a cooled razor blade mounted in a special non-conducting 
handle, the frozen egg was sliced down to expose the nucleus. Orientation was 
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thus re-checked to insure that the plane of section was being made parallel to the 
egg axis. Improperly oriented eggs were discarded. Subsequent slices through 
the lateral third of the nucleus were made, making the surface even and parallel 
with the bronze strip. The nucleus always stood out sharply as a white circle in 
a grey background of frozen cytoplasm. Finally the strip was inverted and the 
cell was sectioned similarly from the other side. Frozen sections were conveniently 
temporarily stored in a cold slotted brass holder in an insulated box, cooled with 
solid CO,. 


Ficure 2. Brass cooling block for holding frozen egg and supporting strip during section- 
ing. Note that both holes corresponding to eggs in holder are displaced laterally from the 
main axis of the block, so that the strip, when inverted after first sectioning, brings cut surface 
against flat portion of the block. Screw at each end makes convenient attachment for handle. 


Actual exposure of the section to film took place in a well-insulated chest fitted 
with a copper bottom and copper slide holder. One hundred pounds of dry ice 
kept the temperature in the slide holder at approximately — 40° C. for a week. 
Medium-contrast lantern slide plates * were laid in the slide holder, emulsion side 
up, and the cold bronze strips with the frozen sections were laid on the plates, 
being weighted to insure even contact. With the activity of our solutions, it was 
found necessary to expose from two to twelve hours to provide the desired darken- 
ing. Plates were developed in Eastman D-19 developer. 

A typical calculation indicates the amounts of radioactivity involved. A section 
of a frog egg 80 » thick contained 2.0 x 10°° g. of exchanged sodium. This sample 


1 We have learned from Dr. Kenneth Endicott, of the National Institutes of Health, that 
Ansco non-screen X-ray films are particularly useful where only low intensities of radiation 
are present. 
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gave 320 counts/min. on the counter. The actual number of disintegrations oc- 
curring in the egg section was approximately 20/sec. An exposure of four hours 
sufficed to give a good darkening showing a clear differential distribution between 
nucleus and cytoplasm. This amounts to 288,000 electrons, about half of which 
went into 0.026 cm* of the plate emulsion. 


RESULTS 
Sodium content of ovarian eggs 


The sodium content of frog eggs is not well known. Bialaszewicz (1929) has 
given an approximate figure of 42 mg. Na/100 g. wet weight of eggs of Rana 
temporaria. It seemed desirable, therefore, to determine sodium on our experi- 
mental animals. For this purpose, both ovaries were removed from six animals. 
The ovaries were rinsed quickly in distilled water, blotted, weighed, and cautiously 
ashed over low heat by concentrated HNO,, followed by concentrated H,SO,. 

After removal of a small amount of insoluble material, probably CaSO,, the 
sodium was determined as (UO,),ZnNa(CH,COO),-6H,O according to the 
method of Barber and Kolthoff (as given in Hillebrand and Lundell, 1929). Re- 
sults obtained from six pairs of ovaries gave a preliminary value of 137 mg. Na 
per 100 g. wet weight of eggs (Duryee and Abelson, 1947). Further study has 
shown these results to be too high and that PO, interferes with the accuracy of 
the method. This is at least in part due to the formation of an insoluble uranium- 
phosphorus compound which tends toward giving high results for the sodium value. 
Accordingly the procedure was modified. Following wet ashing, excess acid was 
driven off, the residue dissolved in distilled water, and the solution made alkaline 
with NH,OH. A 25 per cent barium acetate solution was added until no further 
precipitate formed, followed by a few drops excess. The mixture was allowed to 
stand for half an hour and then centrifuged. The precipitate was washed twice 
with distilled water and the washings added to the first supernatant. The solution 
was evaporated to dryness, the residue dissolved in 1 ml. of distilled water, and 
the sodium precipitated with the uranyl zinc acetate reagent. The following results 
were obtained from six pairs of ovaries: 


Wt. of ovaries 
(grams) mg. Na mg. Na/g. ovary 


8.1 6.8 0.84 
9.3 7.40 0.80 
9.0 7.4 0.82 
8.5 7.0 0.82 
7.0 5.9 0.80 
8.4 7.1 0.84 


Average 0.82 mg. Na 


There remained the question of how well the sodium content of the whole ovary 
approximates that of the eggs. Since the connective tissue, blood vessels and 
peritoneum formed only a minor fraction of the ovary, it seemed that the error 
introduced by neglecting this factor would be small. A sodium determination on 
separated eggs gave 0.80 mg. Na/g. wet weight. Eggs averaged 1.76 mm. in 
diameter with a volume of 2.86 mm‘, a density of 1.10, and a calculated sodium 
content of 25.8 x 10-* g. Na per egg. 
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Water content of eggs 


In analyzing the results, it was found desirable to. measure the water content 
of the eggs. Accordingly four determinations were made—two with separated 
eggs and two with ovaries. Excess moisture was blotted up with filter paper. The 
eggs were weighed and then dried to constant weight at 120° C. for one hour. A 
water content of 52 per cent was found. This corresponded to 1.63 mg. of water 
for our standard 1.76 mm. diameter egg. 

An interesting observation gave evidence on the water content of the nucleus. 
In six sets of eggs which were frozen whole, the half sections, when thawed and 
dried, showed a negative mold of the nucleus with only a flake remaining, This 
indicates the relatively higher water content of the nucleus above that of the yolk- 


cytoplasm. 
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Figure 3. Comparison of uptake of Na™ by live and dead eggs in amphibian Ringer. 
Average value of sodium content of single egg, as determined by chemical analysis, shown by 
dotted line. Each point represents average measurements on ten separate cells. 
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Sodium exchange 


In the course of the research a total of twenty experiments were performed 
involving 400 individual eggs. The experiments gave a reproducible set of values 
with a probable variation of plus or minus ten per cent. A comparison of the 
exchange of sodium in live and dead eggs is shown in Figure 3. Each point on 
the curve represents an average of ten measurements. In the casé of live eggs, 
the following features are to be noted: Initially there was a rapid penetration of 
the traced sodium into the egg. Within an hour, however, the amount of the 
traced substance within the cell ceased to increase. The level reached amounts to 
12 per cent of the total sodium content of the egg. By testing samples of cyto- 
plasm and later by making radio-autographs, it was shown that the traced sodium 
was principally inside the egg. — 

With dead eggs (Fig. 3) the exchange of sodium was extremely rapid. The 
amount of traced sodium which could be found in the egg rose above the total 
sodium content of the live cell as determined chemically. This entrance of extra 
sodium can be related to at least two facts: We have observed a loss of potassium 
from the cell on death. The second fact is that the sodium content of amphibian 
Ringer for a volume equal to that of the frog egg is 78.4 xX 10° g., or more sig- 
nificantly, the sodium present in a volume of Ringer equal to that of the cell’s 
water content is 42.4 x 10° g. Na. 

To study further the nature of the sodium uptake process, eggs were first 
exposed to radioactive Ringer, washed and then immersed in an inactive Ringer 
solution. The results are shown in Figure.4. During the first hour, a typical 
curve was obtained for penetration of the traced sodium. The downward curve 
was obtained during exposure to inactive Ringer. The time required for the 
traced sodium to leave the cell was about the same as the time involved in the 
initial penetration. Chemical analysis showed that the total sodium content of the 
egg did not change during these experiments. When dead eggs containing tracer 
sodium are exposed to inactive Ringer, the traced sodium likewise leaves the egg 
very quickly. 

Since calcium is thought to be important in permeability relationships, experi- 
ments were designed to investigate the effect of this ion on sodium exchange. 
Three solutions were made up with tracef sodium: The first, an ordinary Ringer 
solution ; the second, with calcium not present; and a third, with double the usual 
calcium content. When eggs were exposed to these solutions and measured as 
before, the curves shown in Figure 5. were obtained. These curves show that 
calcium only slightly influenced that fraction of the sodium (12 per cent) which is 
exchangeable. After several hours, however, lack of calcium resulted in an’ 
increased exchange of the sodium. 

A series of experiments was made to determine the effect of temperature on 
exchange of sodium. Experiments were conducted at 9° C., 20° C., and 30° C. 
While the speed of penetration of sodium was somewhat faster at the higher tem- 
perature, the level reached after an hour was almost identical in all cases. After 
three hours approximately 6 x 10 g. Na was found per cell, while the low tem- 
perature values were essentially those of the controls at 20° C. It is apparent, 
therefore, that sodium exchange is not highly dependent on cellular metabolism. 
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Ficure 6. Radio-autograph of ovarian egg exposed to Na™ for thirty minutes. Cell was 
frozen in liquid air and sectioned parallel to main axis. Dark portion in upper third corre- 
sponds to size and position of the cell nucleus. 


Ficure 7. Radio-autograph of dead ovarian egg exposed to Na™ for five minutes. Width of 
“ring” is proportional to diffusion rate of sodium inside the cell. 
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The question of where the sodium goes inside a cell seemed of fundamental 
importance. Many attempts were made to answer this question with but little 
success. It was of course possible to isolate single nuclei from exposed eggs. 
Such nuclei were washed twice in calcium-free nuclear medium to remove outside 
“cytoplasmic” sodium and were then placed individually on plastic cups for meas- 
urement with the Geiger counter. The counts per nucleus were always signifi- 
cantly higher than background, but showed disappointing variation. It was 
concluded that the washing process introduced an uncontrollable variable. Con- 
sequently, we turned to the radio-autograph technique. In Figure 6 is shown an 
enlargement of a typical radio-autograph of a frog egg frozen in liquid air and 
sectioned meridianally. Of 47 autographs of single cells exposed to Na** for 
more than 30 minutes, all showed denser silver particles in the nuclear area than 
in the cytoplasm, when the plane of section was through the germinal vesicle. In 
those autographs of eggs sectioned to one side of the nucleus, a uniform density 
was found throughout the endoplasmic area. 

In the analysis of sodium diffusion rates inside the cell, advantage was taken 
of the radio-autographic records of penetration. In Figure 7 is shown an enlarge- 
ment of a radio-autograph obtained by exposure of a dead egg to radioactive Ringer 
for five minutes followed by washing, freezing, and sectioning. When live eggs 
were exposed to the active Ringer, for five minutes, followed by standard technique, 
a similar ring-shaped autograph was also obtained with the density of the darkening 
much less. 


DiIscuUSSION 


To serve as a basis of comparison, a calculation * has been made of the time 
required for diffusion processes to exchange sodium in an element of fluid the size 


2 An exact calculation of diffusion in an object similar to the frog egg would be practically 
impossible. First, there is the inhomogeneity of nucleus and cytoplasm. Second, is the fact 
that only a part of the sodium in the egg exchanges. One important factor in the calculation is 
that these experiments trace the behavior of Na™ in a medium under conditions where there is 
no net transport of sodium or chloride ions. Therefore, in calculating the diffusion of Na™ in 
Ringer solution, one should use the self-diffusion coefficient of Na* rather than that of NaCl. 
Fortunately, the self-diffusion of Na has been measured in sodium chloride solutions by Jehle 
(1938) and in sodium iodide solutions by Adamson (1947). In the experiments the concentra- 
tion of salt is the same on both sides of a diaphragm, and a very small amount of radioactive 
sodium is added to one of the solutions. From the rate of appearance of tracer sodium in the 
second solution the self-diffusion coefficient can be measured. The value observed was 1.2 X 10° 
cm’*./sec. in 0.113 M NaCl solution, and 1.23 X 10° cm’*./sec. in 0.113 M sodium iodide solutions. 

A calculation giving useful information regarding diffusion into a sphere can be made by 
employing formulas presented by Barrer (1941). The formulas have been applied to “Ionic 
Exchange Absorption Processes” by G. E. Boyd et al. (1947). In the case of a completely 
permeable sphere initially free of the diffusion ion, the time required for the solute to reach half 
of its equilibrium value is given by 


Q/Qe =1/2=1—6/x* > 1/n* exp. (—Dz*n*t/r*) 


n=l 


where Q... is the equilibrium value of the quantity of traced sodium, Q is the value at any time 
t, D is the diffusion coefficient of Na taken here as 1.23 X 10° cm’./sec., and r the radius is 0,088 
cm. By a method of successive approximations the above equation is satisfied when Dat/r* = 
0.3 and t= 19 seconds. 
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of a frog egg. Assuming no retardation at the surface of the object and a diffusion 
coefficient of 1.23 x 10°° cm*/sec. internally, the time required for half of the 
sodium to exchange is 19 seconds. In the case of the actual egg, the time required 
for half of the exchangeable sodium to exchange is 15 minutes. The exchange of 
sodium in the egg may be slower for at least two reasons: delay in passing through 
the cell membrane, and the existence of a low diffusion coefficient within the egg. 
The fact that we have obtained “ring” radio-autographs after exposure of five 
minutes is explainable only on the basis that the movement of sodium in the egg 
is much slower than in Ringer solution, and that the membrane has little limiting 
effect on the exchange. 

On the assumption that the membrane presents no barrier, one can calculate a 
value for the diffusion coefficient within the egg. Thus, for Q/Q* = 1/2, Dx’t/r’ 
= 0.3, and D = 2.6 x 10° em*./sec. 

From the curves given in Figures 3 and 5, it is clear that only 12 per cent of 
the sodium in the ovarian frog egg is readily available for exchange. Part of the 
remaining sodium can be exchanged over a period of many hours. Since the 
factors which govern this slow exchange are wholly within the egg itself, some 
form of internal blocking must occur. Speculation concerning the mechanism is 
still unwarranted. We believe that the finding that 12 per cent of the sodium 
behaves differently from the remainder is of considerable importance to others 
who are performing tracer experiments. In this experiment, the behavior of the 
traced substance was not characteristic of the behavior of all the sodium of the cell. 
Upon the other hand, it would appear that the difficulty raised might be turned 
into an advantage. One has a technique for studying the various degrees of 
binding and the chemical activity of cellular components. 

It is of special interest that sodium could be traced into the germinal vesicles. 
Our experiments thus show that the nuclear membrane is permeable to sodium. 
They also show that sodium is normally present in a cell nucleus. It is especially 
significant that the concentration of this cation in thé nucleus is at least double 
that of the cytoplasm. The relatively large amount of active sodium found in the 
nucleus may be connected with the fact that the nucleus has a much higher per- 
centage of water than does the yolk cytoplasm. 

Our data on the increased permeability of dead cells to Na™* offer a basis for 
explaining some of the empirical observations of Quimby (1947). Working with 
second and third degree burns she was able to show that the more severely dam- 
aged tissues took up much greater amounts of tagged sodium. These results must 
be due to the presence of dead cells. Furthermore, she found that addition of 
hypertonic saline materially aided recovery. It is clear, therefore, that in both 
sets of observations a fundamental factor is operating. This epitomizes, in the 
case of sodium, what many physidlogists have long believed to be a basic diagnostic 
character of life—namely, that a living cell can discriminate between ions both 
quantitatively and qualitatively in its extracellular environment and can build 
specific internal gradients and unequal distributions, which a dead cell certainly 
cannot do. As we have shown in the case of the amphibian egg, permeability to 
radioactive sodium can be used as an indication of life or death in a cell. 
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SUMMARY 


1. The ovarian egg of the frog Rana pipiens is freely permeable to Na**. 

2. At least two different types of binding limit the internal diffusibility of 
sodium within the egg. Only 12 per cent of the normal sodium is readily exchange- 
able. The remainder exchanges very slowly. 

3. The implications of finding non-equilibration of such a simple ion as sodium 
are presented. 

4. A new technique for making radio-autographs of single cells shows that after 
half an hour sodium is distributed almost uniformly throughout the cytoplasm. 

5. Calculations based on rate of exchange of sodium into the egg plus radio- 
autograph evidence give a value of 2.6 x 10-7 cm?./sec. for the diffusion coefficient 
of sodium within the egg. 

6. At equilibrium the nucleus possesses approximately twice as much traced 
sodium per unit volume as the cytoplasm. 

7. By direct chemical analysis the sodium content of frog eggs was found to 
be 0.082 per cent of the wet weight. 
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STUDIES IN THE REGULATION OF BLOOD-SUGAR CONCENTRA- 
TION IN CRUSTACEANS. I. NORMAL VALUES AND 
EXPERIMENTAL HYPERGLYCEMIA IN 
LIBINIA EMARGINATA 


L. H. KLEINHOLZ,1 WITH THE ASSISTANCE OF 
BARBARA CHASE LITTLE 


Marine Biological Laboratory, Woods Hole, Mass., and Reed College, Portland, Oregon 


INTRODUCTION 


Studies of blood-sugar concentrations of invertebrates were, until relatively 
recently, confined for the most part to defining the range of glycemic values in 
different species. Stimulated by investigations of the effects of insulin on blood- 
sugar concentrations in mammals, these early studies among invertebrates demon- 
strated that considerable variations existed in the amount of glucose in the blood, 
even within a single species. The reviews of Beutler (1939) and of Benazzi- 
Lentati (1941) summarize many of these observations. 

The wide range of glycemic concentrations in crustaceans reported by different 
investigators, who at times studied the same species, was soon recognized to be 
due, in part, to the different analytical methods employed and, perhaps even to a 
greater extent, to the varied physiological states of the animals at the time blood 
samples were taken for analysis. This latter possibility led to observations on 
animals maintained under more critical laboratory conditions and to studies of 
factors that influenced the amount of sugar in the blood. 

Thus, where Hemmingsen (1924a) had found an increase in blood sugar in 
Astacus after feeding, Kisch (1929) reported a decrease in Carcinus maenas during 
starvation. These results were confirmed both by Stott (1932) and by Florkin 
(1936) for the same species of Carcinus. On the other hand, Roche and Dumazert 
(1935) found that the blood glucose of Cancer pagurus starved for one month did 
not differ significantly in concentration from that of freshly captured individuals. 
Asphyxiation was reported by Stott (1932) to cause marked hyperglycemia in 
C. pagurus, Portunus puber, and Carcinus maenas; this observation was confirmed 
by Roche and Dumazert (1935) on Cancer pagurus. Stott (1932) also observed 
a high concentration of glucose in the blood of newly-molted crustaceans (within a 
few hours of ecdysis) compared with animals before the molt. 

Hemmingsen’s studies (1924b) on the crayfish Astacus led him to believe a 
regulatory mechanism was present for maintaining a constant level of blood sugar. 
The basis for this view was his observation that samples of concentrated glucose 
solution when injected into Astacus disappeared from the blood stream too rapidly 
to have been oxidized to CO, during the experimental period, and yet no glucose 
was excreted in detectable amount into the water in which the injected animals 
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were maintained. These results Hemmingsen regarded as evidence for a hypo- 
glycemic regulatory mechanism. 

In addition, a number of pharmacological substances had been reported as 
being effective in inducing hyperglycemia in crustaceans. The controversy in this 
branch of the general problem lay not so much in the interpretation of such hyper- 
glycemias when they occurred, but whether these substances really induced hyper- 
glycemia. Thus, Medvédéva (1936) reported that injection of adrenalin in 
Potamobius (Astacus) caused hyperglycemia, but that injection of insulin was 
without any definite effect. Roche and Dumazert (1935), on the other hand, 
reported that neither adrenalin nor insulin had any appreciable effect on the blood- 
sugar concentration of Cancer pagurus. Kalmus and Waldes (1936) stated that 
not only adrenalin and insulin, but also such non-specific substances as hydro- 
quinone and sodium chloride solution, effected marked hyperglycemias when in- 
jected into crayfish. Florkin and Duchateau (1939), using more carefully con- 
trolled procedures, reported that insulin had no effect while adrenalin produced a 
hyperglycemia in the crayfish, thus confirming the observations of Medvédéva. 

These scattered observations, controversial though they may have been, indi- 
cated the possible existence of a hyperglycemic mechanism, just as Hemmingsen’s 
studies had indicated the possibility of a hypoglycemic mechanism. The first 
indication of a definite anatomical structure which might be involved in regulating 
sugar metabolism in crustaceans was made by Abramowitz, Hisaw and Papandrea 
(1944). These authors found that injection into Callinectes sapidus of aqueous 
extracts of crustacean eyestalks increased the concentration of blood sugar within 
an hour. More specific localization of the source of this diabetogenic factor was 
demonstrated by the preparation and injection of extracts prepared from the sinus 
glands of Hanstrom that had been removed from eyestalks. The injection of such 
extracts resulted in a marked hyperglycemia amounting to nearly four times the 
normal basal concentration of blood glucose. When extracts, prepared from the 
remainder .of the eyestalks from which the sinus glands of Hanstrom had been 
previously removed, were injected, they were practically without hyperglycemic 
effect. These investigators’ complementary experiments, which consisted of re- 
moving the sinus glands by ablation of both eyestalks, to determine whether hypo- 
glycemia would ensue, gave negative results; in fact, over a period of seven days 
after eyestalk removal, there was an anomalous, slight increase in concentration 
of blood sugar. 

Our own studies were undertaken to define in greater detail the nature of such 
glycemic changes under experimental conditions and to investigate the physiology 
of the regulatory processes. This is the first report in detail of our investigations, 
some of which have appeared in abstract form (Kleinholz, 1948; Kleinholz and 
Little, 1948; Kleinholz and Havel, 1948). 


MATERIALS AND METHODS 


The animals used in this study were the marine spider crab, Libinia emarginata. 
A large stock of animals was maintained by the laboratory collectors in a live-car. 
Other than the occasional placing of a freshly killed fish into the live-car, no 
regular feeding of these stock animals was undertaken. When groups of animals 
were removed for use in the laboratory, they were starved for three days before 
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blood samples were taken, to insure a basal level of blood-sugar concentration, and 
were not otherwise fed except where indicated. Such experimental animals were 
marked for identification by painting serial numbers with lacquer on the dorsal 
surfaces of the carapace of each; the crabs were then placed in individual containers, 
similarly numbered, through which a stream of sea water circulated. It was hoped 
that the hyperglycemic effect of crowding reported by Abramowitz et al (1944) 
would be reduced or obviated by such isolation. Only male individuals were used 
in this study. 

Tuberculin hypodermic syringes of 1 ml. capacity, graduated in hundredths of 
a milliliter, were used for taking blood samples. Each syringe was calibrated 
to deliver 0.5 ml. by weighing the volume of water delivered between the 0.60 ml. 
and 0.10 ml. marks on the barrel of the syringe. Blood for analysis was taken 
from the sinuses of the walking legs, the arthroidal membrane between the base of 
the leg and the body being first wiped dry with filter paper or absorbent cotton. 
The syringe was filled slightly beyond the 0.60 ml. mark and, after withdrawing 
the needle from the sinus, was emptied to this mark, the excess droplet of blood 
being removed by touching the tip of the needle to filter paper. A 0.5 ml. sample 
of blood could thus be delivered into tubes containing the deproteinizing mixture. 
To avoid injury to the arthroidal membrane that would ensue from the repeated 
bleeding of the same individual, samples were taken from different legs on both 
sides of the animal. In all of the experiments reported here, blood samples from 
control and from experimental animals were taken in the daytime, in most cases 
in the forenoon. The possibility of a diurnal variation in concentration of blood 
sugar was thus avoided. 

It was found most convenient to work with groups of six Libinia at a time. 
In most instances blood samples were taken from the individuals of a group before 
a particular treatment, and then again after the experimental treatment, each crab 
thus serving as its own control. The control blood samples and the experimental 
blood samples were carried through the analytical procedure simultaneously and 
received comparable handling. The method for determining the amount of blood 
glucose was that described by Miller and Van Slyke (1936). It is reported that 
this method, when used with mammalian blood, gives “true” blood-sugar values, 
which do not include non-fermentable reducing substances. We have found a 
significant amount of non-fermentable reducing substance present in Libinia blood, 
so that in our hands the method must be considered as expressing total reducing 
substances as glucose equivalents. The procedure was essentially as described by 
Miller and Van Slyke. The dilute ceric sulfate for the titration was prepared 
fresh daily from the stock solution. 

Two blanks, consisting of the reagents used in the glucose determination, were 
used with each set of blood samples. These blanks required about 0.15-0.25 ml. 
of the dilute ceric sulfate to reach the same end-point obtained in the titration of 
the blood samples. This wide range was due to the preparation of a second lot 
of stock reagent solutions during the course of the work. For the first set of stock 
solutions the blanks varied from 0.18-0.25 ml., the average for 38 blanks being 
0.22 ml. ; with the second set of stock solutions the blanks varied from 0.13-0.18 ml., 
the average for 20 blanks being 0.15 ml. The average for the total 58 blanks was 
0.195 ml. of the dilute ceric sulfate. 
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The accuracy of the Miller and Van Slyke method in our hands was tested by 
determining the amount of glucose in prepared solutions of known concentration. 
These concentrations ranged from 16-200 mg. of glucose per 100 ml. of solution. 
The average percentage of error for 13 such determinations was + 3.9 per cent. 

Where Libinia without eyestalks were used to determine the effect of absence 
of the sinus glands on the blood-sugar level, bilateral eyestalk ablation was done 
with the aid of fine dissecting scissors. Bleeding from the cut surface was very 
slight and ceased upon the formation of a blood clot in the orbit. 

The distinction between total reducing substances and non-fermentable reducing 
substances in the blood was made by fermenting one of two blood samples with a 
10 per cent suspension of Fleischmann’s yeast. The yeast was prepared by sus- 
pension in distilled water, centrifuging, and pouring off the supernatant. After 
three such washings, the final 10 per cent suspension was kept in the refrigerator 
until used. In the fermentation, 3.5 ml. of the yeast suspension and the 0.5 ml. 
blood sample were mixed and allowed to remain at 22° C. for one hour, after which 
the mixture was centrifuged and the supernatant poured off into a second tube 
containing acid cadmium sulfate. The yeast and blood residue was similarly 
washed and centrifuged three times with 1 ml. portions of distilled water, the 
supernatants each time being added to the first one. A second 0.5 ml. blood 
sample taken from the same animal had been prepared for the routine analysis. 
Both blood samples were carried through the analytical procedure simultaneously, 
using adequate blanks (washings of a 3.5 ml. aliquot of yeast suspension) for the 
fermented samples. 

The reliability of this method of fermenting glucose in blood was tested with 
samples from six Libinia. To a 0.5 ml. portion of blood from each animal was 
added 0.5 ml. of solution containing 5.06 mg. of glucose (thus equivalent to adding 
1012 mg. per cent of glucose to the blood sample) and 3.5 ml. of the 10 per cent 
yeast suspension. The blood samples were fermented and treated as described 
above. The glucose-equivalent in reducing substances present in these samples 
ranged from 6.3—11.1 mg. per cent, with an average of 8.9 mg. per cent, showing 
practically complete fermentation of the added glucose. 


OBSERVATIONS 
A. Normal and eyestalkless animals 


The studies of Abramowitz, Hisaw and Papandrea (1944) pointed to the sinus 
glands as being mediators in the hyperglycemic response following injection of 
prepared extracts. Their attempts to observe whether removal of this gland (by 
ablation of both eyestalks) resulted in hypoglycemia yielded paradoxical results, 
a gradual hyperglycemia being observed in such animals over a period of seven days. 

Our own observations made over a longer period in a comparable series of 
experimental animals, do not confirm the latter results of these investigators. Of 
eighteen animals brought into the laboratory at the same time, the eyestalks of 
twelve were ablated, while the remaining six served as normal control animals. 
The animals of the control group were isolated in individual containers; six of the 
operated Libinia were designated as Group A and were similarly isolated, while 
the remaining six operated animals, constituting Group B, were placed in a com- 
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mon tank. These animals were not fed during the time the experiment was in 
progress. Beginning on the morning of the third day after eyestalk removal, blood 
samples were taken from the individuals of Group A and of the control group; 
on the following morning, the fourth day after ES removal, samples were taken 
for analysis from individuals of Group B. By alternating in this fashion and 
taking blood samples every third day, the observations were extended over a 
period of twenty-six days. The results which are shown in Table I are the 
averages and the standard deviations for the six animals constituting each group. 


TABLE I 


Comparison of the blood-sugar concentrations in two groups of Libinia without eyestalks, with 
that of a normal control group. The figures are the averages for the 6 crabs of each group and their 
standard deviations. 


Blood-sugar concentration in mg.-per cent 
Days after eyestalk 
removal 


Group A Group B ' Control 


10.1 + 2.5 — 6.9 + 1.2 
11.1 + 2.1 —_ 
12.0 + 3.1 — 9.9 + 1.5 
— 9.0 + 2.5 — 
10.2 + 3.4 _ 7.4 + 1,3 
_ 9.3 + 3.6 _ 
10.2 + 4.3 — 7.3 + 1.8 
—_ 9.6 + 3.7 — 
10.1 + 3.2 _ 8.7 + 1.7 
— 7.9 + 2.6 — 


As might be expected, there were variations in the concentration of blood sugar 
not only among the individuals of a group, but also in the same individual at the 
different intervals when blood was taken for analysis. These variations are prob- 
ably due to a combination of actual fluctuations in glucose concentration and of 
slight artifacts in the analytical procedure. The relatively low average of the 
blood-sugar concentration in the control group on the third day, compared with 
later averages, is probably to be explained on this basis, for the average glycemic 
values determined for three different normal groups, which had been starved three, 
six, and ten days, were, respectively, 7.9, 8.3 and 9.1 mg. per cent. We conclude 
from the data of Table I that removal of the sinus glands has no marked effect on 
the basal level of the blood-sugar concentration. The hyperglycemia reported by 
Abramowitz et al. after eyestalk removal in Callinectes could not be confirmed 
with Libinia. 


B. Total reducing substances and true blood sugar 


It has been known that the blood of mammals contains, in addition to glucose, 
other reducing substances which, in the analytical methods currently employed, 
may contribute significantly to the total value obtained as “apparent” glucose. 
For an accurate measure of the amount of glucose in a blood sample the supple- 
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mentary use of a yeast fermentation method along with the conventional determina- 
tion permits the distinction to be made between total reducing substances or ap- 
parent blood glucose, and non-fermentable reducing substances; the difference 
between the two such determinations is then considered to represent the ferment- 
able glucose. 

The application of methods devised for the analysis of mammalian blood to that 
of invertebrates would require similar supplemental yeast fermentation methods, 
since little is known about the presence or the nature of non-fermentable reducing 
substances in blood of the latter group. Such yeast fermentation analyses of the 
blood of Libinia, using the procedure described under “Methods,” were conducted 
in parallel with samples taken at the same time for the determination of total reduc- 


ing substances. The results for experimental and control animals are arranged 
in Table II. 


TABLE II 


True blood-sugar concentrations in groups of eyestalkless and of normal Libinia. Each group 
consisted of 6 animals. TRS, total reducing substances; NF RS, non-fermentable reducing substances; 
TBS, true blood sugar. Figures are averages for the animals of a group and the standard deviations 
from the mean. . 


Concentration in mg. per 100 ml. blood 
Animals and condition 


NFRS 


Group A, starved 24 days ‘ . 742408 


Group B, starved 26 days ‘ 7 5.0 + 1.3 
Controls, starved 24 days ; ; 6.8 + 1.7 
Normal, starved 6 days : a 6.3 + 0.7 


The data shown in this table represent the averages for four groups of Libinia, 
each group consisting of six animals. Three of these groups consisted of individ- 
uals whose blood analyses for total reducing substances had been made at intervals 
over nearly four weeks, as shown in Table I. The animals of Group A, Group B, 
and the control group are described in the text above and in the preceding table. 
On the twenty-fourth and twenty-sixth days when final analyses were being made 
on these three groups, additional samples were taken at the same time for deter- 
mination of the non-fermentable reducing substances after the blood sample had 
been mixed with yeast suspension and fermented. The fourth group of Table II 
consisted of normal animals which had been starved six days, in comparison with 
the twenty-four days of starvation undergone by the control group to the eyestalk- 
less condition. The figures which are given for concentration of true blood sugar 
are averages for the six individuals of a group, representing the differences be- 
tween the average concentrations of total reducing substances present in one set 
of samples and the average amounts of non-fermentable reducing substances found 
in similar samples after they had been fermented by the yeast suspension. 

In all groups the amount of true blood sugar is quite low, There appears to 
be no difference in glycemic level between normal animals starved for a short 
period (6 days) and those starved for an appreciably longer time (24 days). At 
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first glance the slightly higher level of true blood sugar in the groups of eyestalkless 
individuals as compared with that in the normal control animals might seem to 
indicate an alteration in glucose metabolism as a result of eyestalk removal, but in 
view of the small number of animals involved in the experimental groups and the 
comparatively high standard deviations of the averages for each group, it is doubted 
that these differences from the controls can be regarded as significant. 


C. Hyperglycemia as a result of injection of eyestalk extract 


The hyperglycemic effects obtained by Abramowitz, Hisaw and Papandrea 
(1944) in Callinectes upon injection of eyestalk extracts showed a rough agree- 
ment between dosage and the increment of the resulting hyperglycemia. But since 
their determinations were in terms of total reducing substances, with no distinction 
being made between fermentable and non-fermentable components, closer examina- 
tion was made of these components of the total reducing substances at the same 
time that we tried to confirm their observations. 

Blood samples from a group of six Libinia from which both eyestalks had been 
ablated were analyzed on the first and fifteenth days after eyestalk removal. At 
these times the average concentrations of total reducing substances were respectively 
7.1+1.5 mg. per cent and 6.3 + 1.6 mg. per cent, confirming previous observa- 
tions made in Table I that no significant change follows in the glycemic level of 
animals from which both eyestalks have been removed. On the morning of the 
seventeenth day after eyestalk ablation, each of the crabs was injected with 0.1 ml. 
of extract prepared from the eyestalks of Libinia, so as to receive the equivalent of 
one eyestalk. One hour after the injection, blood samples were taken from each 
animal for determination of both the total reducing substances and the non- 
fermentable reducing substances. Five of the six injected Libinia showed striking 
increments in total reducing substance in the blood, the concentrations after injec- 
tion being from twice to nearly five times those obtained before injection; in the 
sixth animal the amount of total reducing substance after injection was about 60 
per cent greater than before the injection. The average value for total reducing 
substance for all six animals was 17.3 + 6.4 mg. per cent. The average for non- 
fermentable reducing substances of the post-injection samples after yeast treatment 
was 4.50.4 mg. per cent; average fermentable blood sugar after injection was 
therefore 12.8 mg. per cent. Yeast fermentations were not made on blood samples 
taken on the first and fifteenth days after eyestalk removal, but if the average value 
for true blood sugar is assumed to be comparable to those shown in Table II, then 
the average increase in fermentable blood sugar after injection of eyestalk extract 
is well over 400 per cent. We are thus able to confirm the observation of Abramo- 
witz et al. that injection of crustacean eyestalk extract induces a marked hyper- 
glycemia in crustaceans, and to show, furthermore, that this increase is apparently 
a fermentable sugar. 


D. Hyperglycemia as a result of asphyxia 


Stott (1932) had reported a large increase in blood sugar of crustaceans which 
had been kept for ten hours in containers of sea water that had been tightly covered. 
This change he attributed to asphyxia due to the decrease in oxygen content of the 
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water during the period of the experiment, because when an adequate air supply 
was again made available to the animals by removing the cover, the blood-sugar 
concentration returned to the normal level. Roche and Dumazert (1935) con- 
firmed this observation by reporting that removing animals from sea water and 
keeping them in air for 30-60 minutes resulted in a marked hyperglycemia. Both 
studies reported this hyperglycemia as a direct observation, with no attempt to 
investigate in further detail the mechanism of this response. 

Similar results were obtained by us with Libinia, and a possible mechanism 
for what we shall call the hyperglycemia of asphyxia was indicated by further study. 
In these experiments, groups of six normal and six eyestalkless animals were em- 
ployed. To obtain partial asphyxia during which the animals could be kept under 
observation, the method of Roche and Dumazert was used: removing the animals 
from sea water and keeping them in air for 60 minutes, and then removing a blood 
sample from each for analysis and for comparison with samples before asphyxia. 
The results of these experiments are shown in Table III. 


TABLE III 


Effect of asphyxia on the blood-sugar concentration of normal animals and animals without sinus gland 








Concentration in mg.-per cent 
Eyestalk Days 


Animal group condition starved 


Before asphyxia After asphyxia 


Group B ES off 31 (7.9 + 2.6)* 70+ 2.8 


Nos. 13-18 31 days 


Controls Normal 31 (8.7 + 1.7)* 161+ 8.3 
Nos. 19-24 


Nos. 31-36 ES off 18 7.14 1.5 60+ 1.1 
1 day 





Nos. 25-30 Normal 19 7.3 + 1.0 22.0 + 12.2 
* See Table I. 


The first two groups of crabs tested consisted of eyestalkless individuals which 
had been under observation for several weeks (the animals constituting Group B 
of Table I), and a similar number of normal Libinia which had been their controls. 
Both groups were removed from sea water and placed in individual finger-bowls in 
air. After one hour of such exposure, blood samples were taken for analysis (at 
this time the animals were limp and showed a marked loss of muscular tone; fol- 
lowing their return to sea water recovery was rapid). No blood samples were 
taken in this experiment directly before the asphyxiating experience, the glycemic 
values which had been determined at regular intervals for the preceding twenty-six 
days being considered sufficient to serve as a standard. As can be seen from 
Table III, the effect of this asphyxia was different in the two groups, the crabs 
without eyestalks showing no appreciable change in their average concentration of 
blood sugar, while the group of normal animals showed a marked increase in the 
glycemic average for the group. 
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The experiment was then repeated with two additional groups of similar ani- 
mals. This time a blood sample was removed before subjecting the animals to 
asphyxia, and the second sample was taken immediately after the 60 minutes of 
asphyxia. The results were similar to those obtained previously; the normal 
animals (with eyestalks) showed a marked hyperglycemia, the average concen- 
tration being three times the pre-asphyxia level, while the animals without eye- 
stalks showed no significant change from the glycemic level before asphyxia. 
These results show that the observed hyperglycemia is dependent upon the intact 
eyestalk and indicate the possibility that the response may be mediated by the sinus 
gland. The results of more exact studies, in which sinus glands were removed 
from otherwise intact eyestalks, to define the mechanism of the hyperglycemic 
response, will be reported later. 


E. Alimentary hyperglycemia 


A number of investigators have reported the effects of feeding and inanition 
upon blood-sugar levels in crustaceans. The studies of Hemmingsen (1924a) and 
Stott (1932) showed that feeding resulted in a rise in blood-sugar concentration. 
Stott had found that in a group of starved Carcinus maenas, the glycemic level 
ranged between 5-8 mg. per cent. When such animals were fed mussels, the 
blood sugar rose to values of 20 mg. per cent or more over a period of several 
hours; about fourteen hours after such feeding, the level of blood sugar returned 
to a concentration of approximately 5 mg. per cent. : 

In view of the part played by the eyestalk and sinus gland in mediating the 
hyperglycemia resulting from asphyxia, as described in the preceding section, it 
was thought advisable to determine whether alimentary hyperglycemia was simi- 
larly regulated. Seven Libinia from which both eyestalks had been removed three 
days previously, and which had been starved for three days, were isolated in 
individual containers. The average glycemic value immediately before feeding was 
9.1 + 2.8 mg. per cent. Each animal was then supplied with 5-10 grams of the 
visceral mass of Venus mercenaria, which was devoured within fifteen minutes. 
Blood samples taken three hours after this feeding showed a marked rise in sugar 
content in each of the seven animals, the average for the group after feeding being 
18.3 + 4.7 mg. per cent. The results therefore indicate that alimentary hyper- 
glycemia is not mediated by the sinus glands in the eyestalks. 


SUMMARY 


1. Removal of the sinus glands by eyestalk ablation in unfed Libinia emarginata 
has no significant effect on the blood-sugar concentration when compared with 
similarly unfed controls. 

2. Values for true blood sugar, as distinguished from total reducing substances, 
were determined after yeast fermentation of blood samples. In starved animals 
the concentration of total reducing substances is between 8-9 mg. per cent; that of 
non-fermentable reducing substances, 6-7 mg. per cent; that for true blood sugar 
is therefore about 2 mg. per cent. 

3. Injection of eyestalk extract increases the concentration of total reducing 
substances in the blood. This increase is in the fermentable component, amounting 
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to over 400 per cent of that in the uninjected animal, and therefore probably repre- 
sents a true hyperglycemia. 

4. Asphyxia also causes hyperglycemia, the total reducing substances in blood 
samples being two to three times the concentration preceding asphyxia. 

5. Removal of the sinus gland by eyestalk ablation prevents the appearance of 
the hyperglycemia of asphyxia. The sinus gland may be a mediator in certain 
hyperglycemic responses of crustaceans, but does not seem to be concerned in 
alimentary hyperglycemia. 
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The action of the sinus gland in inhibiting ovarian development was first demon- 
strated by Panouse (1943, 1944, 1946) working with females of the shrimp, 
Leander serratus. In these animals, amputation of both eyestalks or bilateral 
removal of the sinus glands resulted in a great acceleration of ovarian growth, 
maturation of the odcytes, and even laying of mature eggs, during a period when 
these structures are normally quiescent or just beginning the normal growth phase. 
Implantation of sinus glands into abdomens of destalked animals resulted in an 
inhibition of ovarian development. Similar results following eyestalk removal 
were obtained with the crayfish Cambarus immunis by Brown and Jones (1947). 

The following experiments were performed upon the fiddler crab, Uca pugi- 
lator, to ascertain whether this phenomenon of ovarian inhibition by a blood-borne 
principle from the sinus glands also obtained in the division, Brachyura, of the 
Crustacea. 


MATERIALS AND METHODS 


The animals used in the experiments were females of Uca pugilator collected 
near Woods Hole, Massachusetts, on July 10, 1948. The carapace widths ranged 
from 15 to 20 mm. at the widest point. They were kept in the laboratory at room 
temperature (about 25° C.) in individual containers each holding sea water to a 
depth of a quarter of an inch. The water was changed daily. The animals were 
not fed during the course of the investigation. 

Removal of eyestalks was accomplished by amputation at their bases and the 
wounds were allowed to close spontaneously by clotting of the blood which welled 
slowly from them. 

Sinus glands were obtained from donor animals for the purpose of implanting 
according to the following procedure. Eyestalks were removed as above, placed 
in sea water, and the contents of the eyestalks exposed by a dorsal splitting of the 
chitinous sheath. The sinus gland, a discrete bluish organ, was dissected free of 
surrounding tissue and drawn into the lumen of a 25 gauge needle by means of a 
tuberculin syringe. The gland, plus a minute quantity of sea water, was injected 
into the ventral hemocoele of the recipient animal’s abdomen. The chitinous mem- 
brane of this region of the body is transparent and thus it is possible to see the 
actual extrusion of the contents of the needle. The dissections and implantations 
were accomplished with the aid of a dissecting microscope. 


1 This investigation was supported by a research grant from the graduate school of North- 
western University. 
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In order to observe the influences of the above procedures, experimental and 
normal control animals were autopsied as they died, or were sacrificed for dissec- 
tion at six-day intervals. The carapace and hypodermis were removed, and the 
ovary, an H-shaped organ lying over the hepatopancreas and just below the hypo- 
dermis, was dissected out in sea water and placed in a tared watchglass for weigh- 
ing. Excess moisture was removed with filter paper, and fresh weights were 
taken. 


RESULTS 


On July 11, 1948, ten normal animals were sacrificed and the ovaries removed. 
Eight of these ovaries were found to be in an immature state; the oocytes were 
very small and the organs as a whole were slender and of a light yellow-pink color. 
The other two ovaries contained somewhat larger odcytes and the color of the 
organ was a deep shade of pink. The average of the ten ovarian weights was 
12.6 mg., the extremes being 6.8 mg. and 18.8 mg. respectively 

On July 12, 120 animals of nearly uniform size were selected and divided into 
three lots. Eyestalks were removed from two lots of forty of them. Two days 
later, one sinus gland was implanted into each of one lot of forty of the eyestalkless 
animals using the technique described earlier. The implants were then repeated 
every fifth day for the duration of the experiment. 


TABLE | 


Number of specimens, and ranges and averages of ovarian fresh weights in milligrams 


ore ” j 
| Destalked, receiving sinus . 
Destalked | gland implants Controls 


Days 





Range Av. No. spec. | Av. } Range 


11.8-46. 24.0 14 ; 2 | 20. | 9.2-16.2 


17.9-61.2 | 32.6| 10 6.4-67.6 | 24.7 | 


21.0 4 


32.6-54.9 42.2 4 12.5—35.8 


23.0-165.6 | 54.7 5 8.8-32.3 | 19.5 11 


33.8-160.4 | 66.4 15.8-22.3 17.9 6 


In Table I are summarized the ovarian weights of the three groups of animals 
(destalked, destalked and receiving sinus gland implants, and normal controls) 
which died or were sacrificed during five succeeding six-day periods. Each value 
obtained represents the average of data from 4 to 14 animals. It will be observed 
from Table I that over the thirty-day period the average ovarian fresh weights of 
the destalked animals increased approximately linearly with time from an original 
12.6 mg. to 66.4 mg., a more than five-fold increase. The ovarian weights of 
destalked animals receiving sinus-gland implants showed an initial rise, with an 
approximate level being maintained at values somewhat higher (a total average of 
7 mg.) than those of the control animals. 
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Other changes observed in the ovaries of the destalked animals, in addition to 
the gross size alteration, were gradual increases in odcyte diameter and a shift of 
their color from the previously mentioned pinkish-yellow to a deep purple-red. 
The color change became most striking as the ovary attained a weight of approxi- 
mately 15-18 mg. 

In general, the color and size of odcytes of the destalked animals receiving sinus- 
gland implants were found to lie somewhere between the extremes offered by the 


destalked and control animals. 
During the course of the experiment, only 7 of the 31 control animals were 


found at autopsy to have ovaries in the apparently mature condition typical of the 
destalked ones. On the other hand, after the first six-day period, in no case did 
any of the latter group contain odcytes presenting an immature appearance, either 


in size or in color. 


B 


Figure 1. Ovaries of two fiddler crabs removed September 1, 1948: A, from an animal 
destalked one month earlier: B, from a normal animal. 


Figure | is a photograph of two ovaries removed from animals of the same 
carapace width—17 mm. The animal from which ovary A was removed was de- 
stalked on July 30, 1948, and sacrificed for dissection on September 1, 1948. The 
animal from which ovary B was removed was a normal control maintained under 
identical laboratory conditions during the same period and sacrificed on the same 
day. These two organs are typical of those removed from destalked and normal 
animals, respectively, during the course of the experiment. The approximate wet 
weights are: ovary A, 80 mg.; ovary B, 10 mg. 

It is also of interest to note that during the time that the investigation was in 
progress, five females which had been deprived of eyestalks and received no sinus- 
gland tissue laid mature eggs, and one female, also eyestalkless, which had re- 
ceived one sinus gland implant, did likewise. In none of these cases were the 
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eggs fastened to the pleopods of the animal as normally occurs. No eggs were 
laid by any of the control animals. 


DiscussION 


It seems apparent from the foregoing results that the sinus gland in Uca, as in 
Leander and Cambarus, is the source of an ovary-inhibiting principle which, when 
absent, allows for a period of ovarian growth and development even at a time when 
no such gonadal activity would otherwise be manifested. 

Implantation of the quantity of sinus-gland tissue utilized in this work into 
the abdomens of destalked animals tends to suppress the gonadal growth, but 
allows the ovary to be maintained at a stage somewhat more mature than that 
characteristic of the normal animals in possession of both sinus glands. 

There is no indication from these experiments whether the principle from the 
sinus glands inhibits the ovary directly or serves to inhibit the production of a 
gonad-stimulating principle normally produced elsewhere in the body. On the 
latter hypothesis one possible explanation of the ovarian growth during the first 
six-day period in the gland-implanted animals is that during the two days elapsing 
between eyestalk (sinus gland) removal and the first implant, the blood titer of 
the inhibitor dropped to such a point that a gonad-promoting principle was per- 
mitted to be liberated into the blood. The first implant might be presumed to 
inhibit further production of the stimulating principle but not counteract the action 
of this factor already present. 

An explanation based upon an hypothesis of a direct inhibition of ovarian 
growth is as follows: During the two days which elapsed between amputation of 
the eyestalks and the initial implantation of the sinus-gland tissue, there was a 
drop in titer of the inhibitory substance to an ineffectual level which permitted 
nearly as rapid growth in these ovaries-as occurred in the destalked animals which 
received no implanted sinus glands. There may also be a delay in the production 
of an inhibiting concentration by the implants. 

There is a suggestion in Table I that sinus-gland implants in the eyestalkless 
animals not only are able to inhibit growth in the partially developed ovaries, but 
may even effect a reduction in their size. 


SUMMARY 


1. Removal of the eyestalks of adult females of Uca pugilator results in a period 
of rapid ovarian growth in which the increase in fresh weight of the gonad is 
approximately five-fold in a thirty-day period. 

2. The period of ovarian growth is characterized by increase in odcyte diameter 
and a color change from light pink to a deep purple-red. 

3. Implantation of sinus-gland tissue into the abdomens of destalked females 
serves to inhibit to a large degree this rapid growth. 

4. Six of the animals which had been deprived of their eyestalks laid mature 
eggs during the course of the experiment; none of the controls did so. Eggs pro- 
duced by the experimental animals failed to become attached to the pleopods. 
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PIPERAZINE DIHYDROCHLORIDE AND GLYCYLGLYCINE AS 
NON-TOXIC BUFFERS IN DISTILLED WATER 
AND IN SEA WATER *? 


MARSHALL E. SMITH? AND LYNWOOD B. SMITH 
The Marine Biological Laboratory, Woods Hole, Mass. 


A wide selection of buffers is necessary in biological work, since it is often 
desirable to repeat a particular experiment with a different buffer. Piperazine 
dihydrochloride and glycylglycine are crystalline, non-volatile, very soluble solids 
readily obtainable in pure form. Piperazine is relatively non-toxic to man (Hanz- 
lik, 1917) and to rats (Dieke, Allen, and Richter, 1947) and has been used as an 
apparently non-toxic buffer by certain biologists at our suggestion (Cornman, 
1940, 1941; Evans, Beams, and Smith, 1941). The buffer merits of glycylglycine 
in sea water have been previously pointed out by Tyler and Horowitz (1937). 
This relatively non-toxic material is a normal constituent of many proteins. A 
wide-range buffer is simply and accurately prepared from only these two substances 
and sodium hydroxide. Used in sea water there is no observed precipitation of 
salts until a pH of 9.9 is reached. The commonly used phosphate buffer precipi- 
tates calcium and magnesium phosphate from sea water at a much lower pH, thus 
disturbing the salt balance and adding uncertainty to conclusions from experi- 
ments. The shortcomings of many of the buffers in common use have recently 
been mentioned by Gomori (1946). We have not used the new buffers suggested 
by him and cannot compare his buffers with ours, except to point out that our 
buffers have a wider range. 2 

For special cases where it is desired to have no inorganic ions in a buffer, it is 
possible to obtain buffers from a pH of 7.0 to 11.0 by titrating glycylglycine with 
the free base of piperazine. However, we are presenting no data on this subject. 

In this paper we present a table indicating the preparation of several buffers, 
using piperazine dihydrochloride, glycylglycine and equimolecular mixtures of the 
two substances in distilled water and in sea water. We also present pK, and pK, 
values of piperazine dihydrochloride. 


EXPERIMENTAL 


The piperazine was purchased from the Eastman Kodak Co. in the form of 
the hexahydrate. Because the free base of piperazine absorbs carbon dioxide and 
moisture from the air, it was converted into the stable dihydrochloride (Sieber, 
1890) before use. 


1A brief report of this work was presented at the Florida Academy of Science Meeting, 
Tampa, Fla., December 1946. 

2 We are indebted to Dr. W. Mansfield Clark for certain suggestions relative to the manu- 
script, and to H. G. Smith for help with the experiments. 

3 Present address: 418 West Platt St., Tampa 6, Fla. 


233 





234 MARSHALL E. SMITH AND LYNWOOD B. SMITH 


Piperazine dihydrochloride is prepared by dissolving 50 g. of piperazine 
hexahydrate in 100 ml. of 95 per cent ethanol, and adding slowly 100 ml. of con- 
centrated hydrochloric acid. Heat is evolved. As the mixture cools, crystals of 
the dihydrochloride hydrate are formed. The mixture is cooled in an ice bath 
and is filtered. The crystals are washed several times with cold ethanol, and are 
air-dried. The material is ready for use after it has been dried at 100° C. for 
eight hours. The yield is 33 g. Anhydrous piperazine dihydrochloride is slightly 
hygroscopic. 

Analytically pure glycylglycine was purchased from the Amino Acid Manu- 
factures of the University of California at Los Angeles and was used without 
further purification. The material was dried at 100° C. for six hours just prior 
to use. Glycylglycine is not appreciably hygroscopic. 

The pH measurements were made at 25° C. (+0.2) with a Leeds and 
Northrup potentiometer-electrometer No. 7660, equipped with Leeds and Northrup 
glass dip electrode Std. 1199-12 made of Corning 015 glass, and a reference 
saturated calomel half-cell electrode Std. 1199-13 with a potassium chloride capil- 
lary salt bridge. Before and after each titration the electrode was checked against 
“standard acetate,” for which the pH value of 4.64 was taken (MaclInnes, Belcher, 
and Shedlovsky, 1938). As is the. practice in standardizing buffers, the liquid 
junction potentials were neglected. 

The sodium ion error for the higher pH values was corrected by using the 
following equation adapted from Powney and Jordan (1937) to fit the sodium 
ion errors found experimentally when our glass electrode was calibrated with the 
hydrogen electrode. 


Log ApH = 0.50 pH — 5.86 + 0.46 log [Na*] 


The possible error in these readings increases with increasing alkalinity, but below 
a pH of 9.0, the accuracy was within the limits of + 0.02. 

Although stock solutions of piperazine dihydrochloride and glycylglycine may 
be prepared, it is preferable to prepare the solutions fresh, since on long standing 
glycylglycine may undergo hydrolysis and piperazine dihydrochloride might form 
toxic products (Greenbaum, 1937). 

Solutions of piperazine and glycylglycine and equimolecular mixtures of the 
two were titrated with standardized sodium hydroxide and numerous readings 
were taken. From these readings a table for the preparation of buffers was made 
(Table I). 

Several pH determinations were made with the glass electrode and the hydro- 
gen electrode on solutions which were equimolecular with respect to piperazine 
dihydrochloride and the monohydrochloride (pK,') and on solutions which were 
equimolecular with respect to the monohydrochloride and free piperazine (pK,') 
(Table IT). 


DIscussION 


We have used the available data in Table II in making approximate calculations 
of the ionization exponents of piperazine at infinite dilution, since this has not been 
previously reported. Using the standard Debye-Hiickel equation for moderately 
dilute solutions, we have found values for piperazine dihydrochloride for pK, of 
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TABLE | 
Table for Preparation of Buffers at 25° C. 


(1) 0.1591 g. piperazine dihydrochloride diluted to 100 ml. with distilled water to which is added 
0.1000 N sodium hydroxide as indicated below in column (1). 

(2) 1.591 g. piperazine dihydrochloride diluted to 100 ml. with distilled water to which is added 
1.000 N sodium hydroxide. 

(3) 15.91 g. piperazine dihydrochloride diluted to 100 ml. with distilled water to which is added 
1.000 N sodium hydroxide. 

(4) 0.1321 g. glycylglycine diluted to 100 ml. with distilled water to which is added 0.1000 N 
sodium hydroxide. 

(5) 0.1591 g. piperazine dihydrochloride plus 0.1321 g. glycylglycine diluted to 100 ml. with dis- 
tilled water to which is added 1.000 N sodium hydroxide. 

(6) 0.1591 g. piperazine dihydrochloride diluted to 100 ml. with filtered sea water (pH 8.0) to 
which is added 1.000 N sodium hydroxide. 

(7) 0.1591 g. piperazine dihydrochloride plus 0.1321 g. glycylglycine diluted to 100 ml. with filtered 
sea water (pH 8.0) to which is added 1.000 N sodium hydroxide. 











ml. of NaOH to be added to above solutions 
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TABLE II 


Relations Between pK' and Ionic Strength for Piperazine 
Dihydrochloride at 25° C. 


Ionic strength pKy’ Ionic strength 


0.0100 5.44 0.0174 
0.0238 5.49 0.0519 
0.100 5.56 0.174 
0.238 5.68 0.571 
1.00 5.79 0.800 
1.67 5.86 


5.32 and pK, of 9.70. Bredig (1894) found a second ionization constant of 6.4 
x 10°° at 25° C., but failed to report a first ionization constant. Kolthoff (1925, 
1925) reported a pK,’ of 4.05 and a pK,’ of 8.34 for piperazine at 15° C. Since 
the temperature he used is different from that used in the present experiment, the 
results are not comparable. A search of the literature reveals no other reports of 
the ionization exponents of piperazine. 

On the other hand, because of interest in amphoteric electrolytes and in dipep- 
tides, numerous studies of the K,, Ky, pK,’, pK,’, pK,, and pK, values of glycyl- 
glycine have been made (Euler, 1907 ; Dernby, 1916, 1917; Eckweiler et al., 1921 ; 
Harris, 1923; Levene et al., 1924; Taufel and Wagner, 1927; Branch and Miya- 
moto, 1930; Mitchell and Greenstein, 1930; Fromageot and Watremez, 1930; 
Stiasny and Scotti, 1930; Greenstein, 1933; Johnson and Peterson, 1935; Neu- 
berger, 1937 ; Konikov, 1938; Carr and Shutt, 1939; Glasstone and Hammel, 1941 ; 
Smith and Smith, 1942). Included above are numerous titration curves for 
glycylgylcine in different media, but no actual tables for the preparation of buffers 
have been previously reported. 


SUMMARY 


The advantages of piperazine dihydrochloride and glycylglycine as buffers 
include the low toxicity, the lack of volatility, the solubility, the availability of the 
pure products, the convenience and accuracy of buffer preparation, and the lack of 
precipitation of calcium and magnesium salts from sea water below a pH of 9.9. 

Table I indicates the preparation of solutions of known pH involving piperazine 
dihydrochloride, glycylglycine, and mixtures of these two in distilled water and in 
sea water at 25° C. Because the determinations were not made with the hydrogen 
electrode this table must be considered as being susceptible to small error, especially 
on the alkaline side of pH 9. 

Table II shows the pK,’ and pK,’ values for piperazine dihydrochloride for 
several ionic strengths. Using the Debye-Hiickel equation, the extrapolated pK 
values of piperazine at infinite dilution were found to be 5.32 for pK, and 9.70 
for pK,. 
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CHROMATOPHOROTROPINS IN THE CENTRAL NERVOUS 
ORGANS OF THE CRAB, HEMIGRAPSUS OREGONENSIS 


THOMAS E. BOWMAN? 
Department of Zoology, University of California, Berkeley 4 


INTRODUCTION 


Early work on the humoral control of crustacean chromatophores has demon- 
strated that the sinus gland is the most important source of chromatophorotropic 
substances. Investigations leading to this conclusion are discussed in Brown’s 
review (1944, pp. 130-134). Later work by Brown (1946) and Brown and 
Saigh (1946) has shown that most crustacean central nervous systems also possess 
at least two chromatophorotropic principles, one causing all portions of the body 
of Crago except the telson and uropods to become pale (Crago body-lightening 
hormone, CBLH), and a second (Crago-darkening hormone, CDH) darkening 
the telson and uropods, and in the absence of CBLH, the body also. CDH, how- 
ever, was absent in the Brachyura studied. 

This paper reports experiments undertaken for the purpose of determining 
whether or not chromatophorotropins are present in the central nervous system 
of the Pacific coast shore crab, Hemigrapsus oregonensis. Most attention was 
given to the optic ganglia, but some experiments were performed to test the brain 
and thoracic ganglia. I wish to thank Dr. R. I. Smith for his many helpful 
suggestions and criticisms. 


MATERIALS AND METHODS 


Only male crabs were used. Their eyestalks were ligated with number 80 
cotton thread on successive days before injections were made. After the melano- 
phores were completely punctate, the crabs were injected with Carcinides perfusion 
fluid (Pantin, 1934), and those whose melanophores responded at all were not 
used in subsequent experiments. 

Organs from which extracts were made were rinsed in several changes of 
Carcinides perfusion fluid to remove any blood adhering to them and transferred 
to a roughened depression slide containing a drop or two taken from a measured 
quantity of perfusion fluid. Here they were torn apart, crushed, and triturated 
with fine forceps under a dissecting microscope, care being taken to ensure as com- 
plete extraction as possible. The extract was then transferred with an eyedropper 
to the measured quantity of perfusion fluid, and the depression slide was rinsed 
with this perfusion fluid several times. The extract was boiled for a few seconds, 
allowed to settle, and the supernatant fluid was used for injections. Sterile needles 
and syringes were used for all injections. 


1 Present address: Scripps Institution of Oceanography, La Jolla, California. The material 
reported herein is from a thesis submitted to the Faculty of the University of California in 
partial fulfillment of the requirements for the degree of Master of Arts. 
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To record the responses of the melanophores, an arbitrary index of four stages 
was used, from complete concentration of the pigment (stage 1) to complete dis- 
persion (stage +). The somewhat opaque and pigmented cuticle of Hemigrapsus 
oregonensis, especially in the larger crabs, obscures the chromatophores over much 
of the body, and observations were therefore made on the arthrodial membranes 
at the bases of the legs. 

In preliminary experiments it was found that the melanophores of H. orego- 
nensis responded to injections of sufficiently strong extracts of muscle and gill, as 
well as to weak egg albumin solutions (Fig. 2). Such preparations, particularly 
the latter, certainly do not contain chromatophorotropins, and the melanophore 
response in such cases probably is part of a rather generalized stimulation resulting 
from the introduction of foreign substances into the hemolymph. Since it was 
essential to eliminate such responses when testing extracts of central nervous or- 
gans for chromatophorotropins, this was done by making up the extracts from 
comparable volumes of tissue, small enough so that extracts of them would not 
contain sufficient protein or other unknown non-humoral material to affect the 
chromatophores. In this way it was intended to distinguish specific chromato- 
phorotropic effects from the non-specific effects resulting from injection of large 
tissue masses. In order to make up such extracts it was necessary to know the 
amounts of tissue in the different organs extracted. Since the organs, especially 
the sinus glands, were too small to weigh on an analytical balance, measurements 
were made of their volumes using a procedure suggested by the method of Weil 
and Pantin (1931) for measuring volume changes in the turbellarian, Gunda ulvae. 
The organ was carefully dissected out, placed in the ruled area of a hemacytometer 
counting chamber and flattened under the cover glass. An enlarged (1 mm. = 
2 in.) outline of the organ was drawn on a piece of paper containing a copy of the 
ruled area of the hemacytometer; this was traced onto a piece of medium weight 
drawing paper, cut out, and weighed. By comparing this weight with that of a 
similarly enlarged square millimeter (0.1 cu. mm.) the volume of the organ could 
be roughly determined. Table I gives the results of these measurements. All 
crabs used had a carapace width of 1.7 cm. The numbers are the weights of the 
paper cutouts in milligrams. 

These measurements are admittedly crude, most of the error being due to 
dissection. They do, however, give some idea of the relative size of the organs 
involved. The dilution factors are selected values, based on the relative volumes 
by which extracts of the different organs were diluted to give approximately equal 
volumes of tissue in the same amounts of extract. For organs other than those 
listed in Table I (brain, leg nerve, etc.) the volume was measured by the pre- 
ceding method, and the extract was diluted accordingly. 

In preparing extracts, the size of the crab from which the organ was extracted 
was considered. It was assumed that the size of the sinus gland and other organs 
varies directly with the weight of the crab; thus, for example, the sinus gland from 
a crab 1.9 cm. wide (3.0 g.) would be twice the volume of that from a crab 1.5 
em. wide (1.5 g.). 

The amount of extract injected was always 5 per cent of the body weight, 
assuming a specific gravity of 1.00 for the extract. To obviate weighing each 
crab, a large number of crabs were weighed and the weight plotted against the 
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TABLE | 
Comparative size of sinus gland and optic ganglia 


Sinus Medulla Medulla Medulla Lamina 
gland terminalis interna externa ganglionaris 


19 607 308 311 207 
14 767 284 293 282 
16 501 272 341 250 
18 579 249 250 198 
12 550 236 259 157 
14 350 210 279 


av. 15,5 559 260 219 


ae os mm.? 1 0,070 0.059 
3600 mm. 0.004 0.15 f J 


Relative volume | 36.1 16.8 


Dilution factor 30 





MEDULLA TERMINALIS 
av \4 crabs 5.0 SG 


SINUS GLAND 0.5 SG 
ev 28 crabs 


MEDULLA INTERNA 
ov.8 crabs 550 SG __-0o---0 
-0----0o-~ 
SINUS GLAND 3.0SG 
av 6 crabs ; av. Icrabs 0-5 SG 


MEDULLA EATERNA 0 SG 
av 8 crabs 
SINUS GLAND 5.0SG ee nae tt TN 
Qa 
" a ere = Orme Ong 


LAMINA GANGLIONARIS 0.5 SG 
av 7crabs 


5 3 45 60 75 90 105 120 ‘5 30 45 60 75 90 105 120 


Ficure 1. Responses of Hemigrapsus melanophores to injections of extracts of various 
organs. Abscissae: time (minutes) after injection. Ordinates: degree of dispersion of melanin 
(1 = complete concentration; 4 = complete dispersion). 
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LEG NERVE 5.00 SG 
ev. (0 crabs 


THORACIC GANGLIA 0.5 SG 
° 


BRAIN 0.5 SG EYESTALK MUSCLE 0.5 SG 
ov. 4 crabs ov. 6 crabs 


120 120 


ACETYL CHOLINE CHLORIDE 
ov. Iicrabs 2% solution 


av. 9.crobs 9e5* 10% 


—o 
cr 


‘obs O5 SG 


--"ov. 2 


FARADIC STIMULATION OF EYESTALK STUBS 
av. 9 crabs 


iS 30 45 60 75 90 105 120 


Ficure 2. Responses of Hemigrapsus melanophores. Explanation same as for Figure 1. 


carapace width. This made it possible simply to measure the carapace width and 
to inject the proper amount. Injections were made at the base of a walking leg. 

The strength of each extract is expressed in terms of the volume of a sinus 
gland of the crab injected. Thus “0.5 SG” (cf. Fig. 1) indicates that a crab 
injected with 5 per cent of its body weight of this extract received a volume of 
tissue approximately equal to 0.5 times the volume of one of its own sinus glands. 


EXPERIMENTS AND RESULTS 


The results of the injections are shown in Table IT and in the graphs of Figures 
l and 2. Responses are classified as “weak” when the melanin was not dispersed 
beyond stage 2, and “good” when stage 3 was reached. The average responses 
do not include those animals which failed to respond. The validity of averaging 
the arbitrary figures of the melanophore index is subject to criticism (Parker, 
1948, pp. 14-15), and the variability of response, shown in Table II, must be con- 
sidered when evaluating a response. 

By far the most potent extracts were those of sinus glands. Other extracts 
from comparable volumes of tissue, while in some cases acting as rapidly as sinus 
gland extracts, did not produce the maximum and sustained responses which always 
followed injections of the latter. Moreover, the only extracts which always pro- 
duced 100 per cent “good” responses were those of sinus glands. The more rapid 
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TABLE [I 


Summary of experiments 





: Strength of en } 
Organ extracted (vol. of one of own 1 ST 
sinus glands = 1) ) 


= 
R 
2 
g 


Sinus gland 0.5 SG 28 
Sinus gland 3.0 SG 6 
Sinus gland 5.0 SG 
Medulla terminalis 0.5 SG 
Medulla terminalis 5.0 SG 
Medulla interna 0.5 SG 
Medulla interna 5.0 SG 
Medulla externa 0.5 SG 
Lamina ganglionaris | 0.5SG 
Brain 0.5 SG 
Thoracic ganglia 0.5 SG 
Eyestalk muscle 0.5 SG 
Leg nerve | 5.0SG 
Egg albumin 0.5 SG 
Egg albumin 2% sol’n 
Acetylcholine 9.5 K 107-8 
Acetylcholine 10-* 
Faradic stimulation of 
eyestalk stubs 


ne 


mMUNIONeEIeOROSOCOCRENOSCO 
COPRDCSORK RK KB ONWYR OUNWAD 


_ 
KF OUNNOUMA HUNK Unk OCS 




















responses to the weaker (0.5 SG) extract are difficult to understand, but because 
of the small number of crabs injected with the stronger sinus gland extracts and 
the extent of individual variability in responsiveness, it is not possible to compare 
the responses adequately. 

The responses to optic ganglia extracts with a concentration of 0.5 SG were 
in most cases weak, but these extracts probably did contain specific chromatophoro- 
tropins, since the responses to 0.5 SG egg albumin solutions were so slight, and 
the responses to eyestalk muscle extracts of the same concentration were also 
insignificant. However, the amounts of hormone in these optic ganglia. extracts, 
especially those of lamina ganglionaris, appear to have been close to the threshold 
for the melanophores of Hemigrapsus oregonensis. 

The responses to optic ganglia extracts of the concentration 5.0 SG were more 
definite, although they were much weaker than the responses to sinus gland ex- 
tracts. It can be safely said, therefore, that the medulla terminalis and medulla 
interna (and probably the other optic ganglia) contain material that causes dis- 
persion of the melanophores in Hemigrapsus oregonensis. The importance of this 
to the normal crab might be determined by removing the sinus glands without 
destroying the optic ganglia. 

The possibility remained that the melanophores were responding to the acetyl- 
choline present in the extracts. Welsh (1939) found large amounts of acetyl- 
choline in leg nerves and ventral ganglia of Carcinides (= Carcinus), there being 
about five times as much in ganglia (about 10y/g.) as in fibers (about y(t)» 
while Smith (1939) found up to 20y/g. in nerve fibers and up to 66y/g. 
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the ganglia of Cambarus limosus. It is improbable, however, that the chromato- 
phorotropic effects of Hemigrapsus ganglia extracts are due to their acetylcholine 
content, since cholinesterase is probably also present in these extracts (Marnay 
and Nachmansohn, 1937). Moreover, Abramowitz and Abramowitz (1938) ob- 
tained slight responses of the chromatophores in only 20 per cent of the Uca they 
injected with acetylcholine. When injected with 5 per cent of their body weight 
of 9.5 x 10°* acetylcholine chloride, each Hemigrapsus received the amount of 
acetylcholine that would have been present in tissue equal in volume to five times 
one of its own sinus glands, assuming 50y/g. as the concentration of acetyl- 
choline in this tissue. Seventeen out of twenty-six crabs thus injected failed to 
respond, and five crabs injected with the much stronger 10~* acetylcholine also 
showed no response. This makes it fairly certain that the responses to optic 
ganglia extracts were not caused by the acetylcholine contained in them. 

Responses to extracts of brain and thoracic ganglia of the concentration 0.5 SG 
were in most cases weak or absent, and they give little information as to whether 
or not chromatophorotropins are contained in these organs. A few injections of 
much stronger extracts of brain resulted in good responses, but these experiments 
were not well controlled. The good response to about ten seconds’ faradic stimu- 
lation of one of the eyestalk stubs with a Harvard inductorium shows, however, 
that substances affecting the melanophores can be released in the eyestalkless 
Hemigrapsus, most probably from some part of the central nervous system. Deep 
probing of eyestalkless Hemigrapsus with a hypodermic needle at the base of the 
third or fourth leg also caused melanin dispersion in some cases. It is possible 
that the melanin dispersion following injections of muscle extracts and egg albumin 
solutions is an indirect response, caused by the release of chromatophorotropins 
from central nervous sources. 

It is interesting to note that responses to leg nerve extracts were weak or 
absent, indicating that if a chromatophore hormone is present in nervous tissue it 
may be produced by or concentrated in the central nervous system rather than the 
peripheral nerves. 


DIscuUSSION 


It must be emphasized that these experiments do not compare the total amount 
of chromatophorotropic hormone available to the animal from one organ with that 
available from another organ, but indicate that while this hormone is most con- 
centrated in the sinus gland it is not absent from certain parts of the central nervous 
system. It is entirely possible that in Hemigrapsus oregonensis as much or more 
hormone is present in central nervous system sources as in the sinus glands, al- 
though the present work does not provide quantitative information concerning this 
point. Although Brown (1940) found that 80 per cent of the chromatophorotropic 
material in the eyestalks of several species of shrimps and crabs. was referable to 
the sinus gland, Smith (1948) has recently presented evidence that only about 
one-third of the retinal pigment activator in the eyestalks of Hemigrapsus orego- 
nensis and two other species of grapsoid crabs resides in the sinus glands. It 
seems not unlikely that the distribution of the melanophore activator in the eye- 
stalks of Hemigrapsus oregonensis is comparable. , 

The concentration of chromatophorotropins in the histologically specialized and 
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well innervated sinus gland may represent an adaptation for the storage and more 
especially the release of active substances in effective amounts and within short 
periods of time. Production of the active principles themselves might be by nervous 
tissues in general, or, as seems more likely, might be limited to more or less 
restricted regions of specialized cells within the central nervous system, including 
the sinus gland itself. Thus we could imagine that the chromatophorotropins in 
any given mass of nervous tissue are derived from a relatively few cells, each as 
specialized as sinus gland cells. These cells could be evenly distributed, resulting 
in a uniform distribution of hormone throughout the central nervous system, as 
Brown and Saigh (1946) found for CDH in the isopod, /dothea baltica. On the 
other hand, as in the case of CDH and CBLH in Crago, they could be restricted 
to a single organ (the tritocerebral commissure, Brown, 1946). The sinus gland, 
as Turner (1948, p. 561) points out, probably represents the highest evolutionary 
stage in the differentiation of endocrine tissue from the central nervous system in 
the Crustacea, and would therefore be expected to contain the highest concentra- 
tions of active materials. The experiments reported herein show this to be the 
case for chromatophorotropins in the sinus gland of Hemigrapsus oregonensts. 


SUMMARY 


1. The melanophores of Hemigrapsus oregonensis become punctate after eye- 
stalk removal. 

2. Chromatophorotropins, which cause dispersion of the melanin when injected, 
are present in greatest concentration in the sinus gland, and are also present in the 
optic ganglia and possibly in the brain and thoracic mass of ganglia. 

3. The melanin dispersion in response to electrical stimulation of the eyestalk 
stubs and to deep probing with a hypodermic needle indicates that some source 
of releasable chromatophorotropins exists other than the eyestalks. 

4. The total amount of chromatophorotropins in the sinus gland is not neces- 
sarily greater than in any of the central nervous organs. The specialized structure 
and the innervation of the sinus gland suggests that its importance lies in its ability 
to store and rapidly release effective amounts of chromatophorotropins. 

5. Injection of sufficient amounts of certain substances, including muscle and 
gill extracts and egg albumin solution, also induces melanin dispersion in eyestalk- 
less Hemigrapsus oregonensis. It is suggested that these substances do not con- 
tain chromatophorotropic hormones, but the response to them is the result of a 
more general stimulation causing the release of chromatophorotropins from central 
nervous sources. 
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SOME EFFECTS OF CENTRIFUGING UPON PROTOPLASMIC 
STREAMING IN ELODEA* 


H. W. BEAMS 


Zoological Laboratories, State University of Iowa, Iowa City 


As pointed out by Ewart (1903), protoplasmic streaming was probably ob- 
served before the existence of protoplasm as such was recognized. Notwithstand- 
ing the many studies that have been made upon this interesting and complicated 
biological phenomenon, certain of the basic problems such as motive force, function 
and mechanism of flow remain largely unsolved. This is not surprising, because 
to understand protoplasmic streaming requires a rather complete knowledge not 
only of protoplasm itself, but also of the physics and chemistry of streaming as 
well. In fact, certain theories of protoplasmic structure are inadequate because 
they fail to account for a suitable structural mechanism to allow for protoplasmic 
streaming. 

Of the extensive literature dealing with protoplasmic streaming, few papers 
have been published which are concerned directly with the effects of centrifugal 
force on this process as such, although numerous studies have been made upon 
protoplasmic viscosity by aid of the centrifuge. Accordingly, it seems desirable 
to record here the results of some studies made upon protoplasmic streaming in 
the leaf cells of Elodea by use of the ultracentrifuge. 


MATERIAL AND METHODS 


Leaves of Elodea canadensis were removed from a region one to two inches 
back of the tip of an actively growing stem. They were placed in a dish where 
about one-fourth inch of the tip was cut off in order that the piece be of suitable 
size to fit in the cell of the air-driven rotor. The tips were then placed directly 
in a water mount where they were observed under the high dry and oil immersion 
lenses. Here observations were made upon the frequency and direction of stream- 
ing in the cells of a selected area near the tip of the leaf. The piece was then 
removed to the rotor of the ultracentrifuge with the long axis parallel to the 
centrifugal force. It was then centrifuged at forces varying from 135,000 to 
350,000 times gravity for intervals varying from five minutes to four hours. After 
centrifuging, the piece was again removed to a slide and the region formerly 
studied selected for observation. 

Some of the pieces, after having the cells stratified in one direction, were 
reversed in the centrifuge so that stratification in the opposite direction occurred. 
Certain of the pieces were killed immediately upon removal from the ultracentrifuge 
by immersion for a short interval in boiling water. 

The minimum time required to stop the centrifuge, remove the piece to a slide 
and find the area formerly studied was about three to four minutes. 


1 Aided by grant from the National Institutes of Health, administered by J. H. Bodine. 
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OBSERVATIONS 


As is well known, the long axis of the cells of Elodea is arranged parallel to 
the long axis of the leaf. Near the mid-rib of the leaf the cells are usually longer 
and narrower and are more likely to be found undergoing streaming. Usually, 
if the leaf has been taken from near the tip of an actively growing stem, a few 
minutes’ stand on the stage of the microscope, exposed to light and a slightly 
elevated temperature, is sufficient to initiate active rotational streaming in a high 
percentage of the cells. The streaming in Elodea has been referred to as rota- 
tional (Seifriz, 1943) because the protoplasm is chiefly confined to a peripheral 
layer between the sides of the cell and the central vacuole. In Plate I, Figure 1, 
is illustrated a control cell in active streaming. The chloroplasts at the periphery 
are blurred because of their movement within the interval required to take the 
photograph. 

Under normal conditions, according to Pfeffer (1906), the flow is in one 
direction only within the cells, clockwise or counter clockwise. In addition, both 
Pfeffer (1906) and Ewart (1903) maintain that the flow is in opposite directions 
on the two sides of the dividing walls between each pair of contiguous cells. We 
have not been able to confirm this statement in the Elodea studied here. Counts 
of a hundred pair of actively streaming adjacent cells revealed that in only about 
70 per cent of them was the direction of flow opposite on the two sides of adjacent 
cell walls. The reason for this discrepancy is not clear, but it should be recalled 
that Berthold (1866) reported inconsistency in the direction of streaming between 
adjacent cells of Elodea. However, why, in the majority of adjacent cells, the 
direction of streaming on the two sides of the adjacent walls should be opposite, 
is unknown. 

Figure 2 shows a low power view of a number of cells that were centrifuged 
at approximately 135,000 times gravity for five minutes. It will be observed that 
the chloroplasts are packed at the centrifugal pole. If the rotor is allowed to 
accelerate rapidly, the chloroplasts, but not the cytoplasm, are probably displaced 
within ten seconds. In other words, the movement of the chloroplasts takes place 
very rapidly through the protoplasm of the cell. It is of interest that the proto- 
plasm is not killed by this rapid displacement of the chloroplasts through it. In 
fact, stratified cells (Fig. 4) may be reversed in the centrifuge and the chloro- 
plasts thrown to the opposite end (Fig. 5). This process may be repeated several 
times without killing the cell. However, Northen and Northen (1938) have 
found that repeated centrifugation and displacement of the chloroplasts through 
the cells of Spirogyra produces a marked lowering of the viscosity. 

High centrifugal force, 350,000 times gravity (Fig. 3), causes rapid displace- 
ment of the cellular materials. From the centrifugal to the centripetal pole the 
elements are stratified as follows: (1) chloroplasts, cytoplasm and nucleus; (2) 
vacuole. It will be noted that a sharp boundary exists between the centrifugal end 
of the vacuole and the cytoplasm, although such is not always the case for the 
chloroplasts, cytoplasm and nucleus. Apparently the vacuole is displaced cen- 
tripetally and is forced in contact with the cell wall. No cytoplasm can be ob- 
served remaining along the sides of the cell. What happens to. the plasma mem- 
brane if such be a permanent structure in Elodea, is not known. No evidence of 
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organized streaming of the protoplasm is apparent in such cells, although Brownian 
movement may be evident. 

Figures 6, 7, 8 and 9 are a series of photographs showing stratification and 
partial recovery of three cells centrifuged for thirty minutes at 350,000 times 
gravity. A complete stratification of the cellular contents occurs here (Fig. 6) 
as was also noted in Figure 3. Immediate examination upon removal from the 
ultracentrifuge revealed the cytoplasm in Brownian movement. All indications of 
any type of organized streaming or even churning movements are absent. How- 
ever, within thirty minutes after centrifuging, the Brownian movement of the 
cytoplasm pushes the chloroplasts back beyond the edge of the vacuole so that it 
is no longer obvious (Fig. 7). A gradual migration of the cytoplasm toward the 
centripetal end, followed by a movement of some of the chloroplasts along both 
sides of the cells, occurs. There is in these cells no organized streaming of cyto- 
plasm at this time. Within sixty minutes after centrifuging (Fig. 8), the cytoplasm 
has become continuous around the sides of the cells and has started to flow in an 
organized fashion. However, the rate of flow is very slow when compared to that 
of the normal cells. Ninety minutes after centrifuging (Fig. 9), the chloroplasts 
in the upper two cells are still largely bunched at the centrifugal end although some 
isolated chloroplasts are observed being carried around the cell in the stream. In 
the lower right hand cell the bunched chloroplasts are rotating around the cell as 
amass. However, the movement is not continuous but by jerks, due to the forces 
encountered in trying to move a large mass through a relatively small stream. In 
some cells treated in this manner, complete recovery with normal streaming and 
normal distribution of chloroplasts occurs. In others, the cells are killed. In still 
others, as in Figures 6, 7, 8 and 9, injury occurs from which the cells partially, but 
not completely, recover within a six-hour interval. Less than one per cent of the 
cells have their walls ruptured and their contents missing (Fig. 15). 

A cell centrifuged at 135,000 times gravity for five minutes is illustrated in 
Figures 10, 11, 12 and 13. Here the chloroplasts are not as tightly packed as they 
are in the cells centrifuged at higher forces. Figure 10 shows the cell about four 
minutes after removal from the centrifuge. In addition to the chloroplasts the 
nucleus may be clearly observed. Rapid Brownian and churning movements of 
the protoplasm are evident at the centrifugal end of the cell, and the massed chloro- 


Priate I 


All figures in Plates I and II (except Fig. 15) are of living unstained cells of Elodea. In 
all centrifuged cells the force was directed at various angles toward the bottom of the plate 
except when otherwise indicated. 

Figure 1, Control cell actively streaming. 

Figure 2. Low power view of the general effects of centrifugal force on the position of 
the chloroplasts. Centrifuged at approximately 135,000 times gravity for five minutes. 

Ficure 3. High power view of cells showing stratification effects. Centrifuged at 350,000 
times gravity for thirty minutes. 

Figures 4 aAnp 5. Same cell centrifuged first in one direction and then in the opposite 
direction (at 135,000 times gravity for five minutes in each case). Centrifugal force in Figure 
5 is toward the top of the plate. 

Figure 6. Group of cells photographed about six minutes after being centrifuged at 350,000 
times gravity for thirty minutes. 

Figure 7. Same cells thirty minutes later. 
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plasts are being pushed centripetally. Here the reestablishment of flow is up the 
right side of the cell. The chloroplasts gradually migrate in the stream along the 
right side of the cell (Figs. 11, 12) and eventually a complete separation of them 
occurs and recovery is effected (Fig. 13). In this cell the nucleus was not ob- 
served to be actively carried about in the streaming cytoplasm. However, they 
often do rotate in cells so treated. Figure 14 is a cell treated as in Figure 10, 
Here the redistribution of the chloroplasts is along both sides of the cell instead of 
one side only. In other words, organized streaming was delayed in this cell for 
a longer time than it was in the cell in Figure 10, and recovery was eventually 
established. 

In addition to the methods of recovery already described for centrifuged cells, 
other conditions may occur. In some cells the packed chloroplasts at the cen- 
trifugal end may be forced back as a mass to a position near the middle or even 
to the centripetal end (Figs. 16, 17). This seems to occur as a result of the 
clumped chloroplasts partially blocking the movements of the redistributing cyto- 
plasm. Consequently, they are simply forced ahead of it. The nucleus, too, may 
be carried along with the massed chloroplasts. When the cytoplasm breaks around 
the chloroplasts or develops new streams across the cell, the clumped chloroplasts 
break away into the stream, usually in small groups at first, but eventually they 
become isolated. It may take thirty minutes or more for normal distribution of 
the chloroplasts to become established. 

Observations on the direction of streaming in one hundred cells that were 
subsequently centrifuged at 135,000 times gravity for five minutes, showed that 
approximately 7 per cent of them had undergone a reversal in direction of flow. 

Clumped chloroplasts such as those shown in Figures 16 and 17 sometimes, 
but not always, cause formation of protoplasmic strands which cross between the 
wall and vacuole in almost any direction, resulting in many diverse and irregular 
patterns of flow. Two or more protoplasmic strands may join on the upper 
surface of the vacuole, giving rise to a churning motion of the protoplasm at the 
point of juncture. Flow in a single strand may be in opposite directions. When 
this condition occurs, the velocity of flow is much slower at the point of contact of 
the two opposite flowing protoplasmic streams. The small granules moving in 


Pirate II 


Figure 8. Same cells sixty minutes later. 

Figure 9. Same cells ninety minutes later. 

Ficures 10, 11, 12 anp 13. Series of photographs showing recovery from centrifuging at 
135,000 times gravity for five minutes. 

Figure 14. Cell in process of recovery from centrifuging at 135,000 times gravity for 
five minutes. 

Figure 15. Cell showing broken wall and chloroplasts missing. Centrifuged at 350,000 
times gravity for thirty minutes. Such conditions are rare. 

Figures 16 anp 17. Cells centrifuged at 135,000 times gravity for five minutes. Photo- 
graph taken ten minutes later. The chloroplasts are being forced back from the centrifugal end 
by Brownian movement of the cytoplasm. (Centrifugal force directed to left in figures.) 

Figures 18, 19 anp 20. Starch grains in various stages of displacement within chloroplasts. 
The starch grains are on end of chloroplasts originally directed centrifugally. Brownian move- 
ment has caused the chloroplasts to lose the position taken up in the centrifugal field. 

Figure 21. Starch grain that has been freed from the chloroplast presumably by the cen- 
trifugal force. 
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opposite directions at the point of contact of the two streams may be observed to 
collide and bounce around each other. Streaming in opposite directions within a 
single strand is usually a temporary condition. Direction of flow in the strands has 
also been observed to be in one direction for a time and subsequently reversed. 
Reversal of flow, however, is usually of short duration and appears to be caused by 
the difference in flow pressure produced by the main channels of the cytoplasm 
along the two opposite sides of the cells in which the strands are usually directly 
or indirectly connected. The difference in flow pressure of the two opposite sides 
of the cells is often due to the massed chloroplasts blocking the normal channels of 
flow. Hence, strands are developed at the points of least resistance to the proto- 
plasmic flow. 

In some of the thin protoplasmic strands which extend across the cell, a chloro- 
plast may become included within its streaming cytoplasm (Text Fig. 1, A). 
The chloroplast, being greater in diameter than the stream, moves relatively slowly 
along its channel (Text Fig. 1, B). In a few such cases we have observed that 
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Text Ficure 1 


Fics. A, B ann C. Centrifuged cell partially recovered showing movement of chloroplast 
by means of contraction within small strand. At A the chloroplast is flowing slowly toward 
the lower right side of cell. At B it has almost reached the opposite end of strand. However, 
suddenly a rapid backward movement of the chloroplast occurs as shown at C. 

Fics. D, E anno F. These figures illustrate contraction of a cytoplasmic strand. Figure D 
shows position of strands. At E strand has moved with current down along side of cell. 
Figure F shows return of strand to near former position. 


a quick return of the chloroplast from a position indicated in Text Figure 1, B to 
that of Text Figure 1, C occurs. Here the reversed movement of the chloroplast 
seems to be due to a contraction of the strand, because its movement is much too 
fast to be accounted for as a simple reversal of flow of the cytoplasm within the 
strand. 

Other protoplasmic strands extending across the cell from the upward channel 
of flow of one side of the cell to the downward channel of flow of the other side 
sometimes change position rapidly (Text Fig. 1, D, E and F). For example, the 
end of the strand in connection with the downward channel of flow may move 
with the current to a position indicated in Text Figure 1, E. When this occurs 
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the strand appears to be stretched and its diameter diminished. However, sud- 
denly such a strand may “snap back” very quickly to a point near its former 
position (Text Fig. 1, F). This change seems to be due to a property of the 
protoplasm of the strand as a whole. The contraction described above may be 
repeated several times. We have also observed that “balls” of protoplasm con- 
siderably larger than the diameter of the strand may flow along its channel. Such 
occurrences are not rare and have been described by others in normal protoplasmic 
streaming. : 

Figures 18, 19, 20 and 21 are centrifuged cells with chloroplasts showing starch 
grains. The starch inclusions appear heavier than the chloroplasts and are dis- 
placed centrifugally. Figure 18 illustrates a chloroplast with the starch grain 
displaced so that it appears to be partially extruded. The positions taken up by 
smaller starch grains are indicated in Figure 19. The upper chloroplast in Figure 
20 shows not only a partially displaced starch inclusion, but evidence of a partial 
stratification of the other materials as well. However, this is rare, for in the 
majority of the cells little, if any, stratification can be detected within the un- 
stained chloroplast. This indicates either that the chloroplast as a whole is very 
dense, or that its contents vary only slightly in relative specific gravity. 

In Figure 21 the lower inclusion is an isolated starch grain which has probably 
been pulled away from the chloroplast by the centrifugal force. It is difficult to 
say anything definite concerning the nature of the surface “membrane” of the 
chloroplast other than that considerable resistance is met at the surface in the 
displacement of the starch grains through it. In other words, the presence of some 
form of limiting “membrane” is indicated, although such a structure could not be 


seen in the centrifuged unstained chloroplast. 


DIscussION 


It is unnecessary here to review the extensive literature dealing with proto- 
plasmic streaming, since excellent reviews on this subject have been published by 
Ewart (1903) and more recently by Seifriz (1943). 

Protoplasmic streaming is known to be affected by many agents such as tem- 
perature, visible light, ultraviolet light, salts, acids, alkalies, oxygen, organic sub- 
stances, anesthetic agents, x-rays, radium, electricity, hydrostatic pressure, me- 
chanical manipulation and supersonic waves (see Seifriz, 1943, for references). 
In this paper it has been demonstrated that it is also affected to varying degrees 
by ultracentrifugal force. However, both Andrews (1915) and Vexler (1935) 
report that centrifuging with the usual laboratory type centrifuge produces little 
effect upon protoplasmic streaming. In fact Vexler (1935) found that centrifug- 
ing stimulated streaming in Myxomycetes. 

Marsland (1939) has suggested that in Elodea the streaming is motivated by 
sol-gel reactions and consequently is a phenomenon fundamentally related to ame- 
boid movement. The evidence for this is that with increasing hydrostatic pressure, 
the rate of protoplasmic streaming in Elodea is diminished. Complete obliteration 
of streaming with decreasing viscosity of the cytoplasm occurs at between 400 to 
500 atmospheres. This reaction is reversible. To apply the theory of sol-gel 
reversibility of protoplasm as the chief mechanism of streaming in a cell like Elodea 
is not easy, for according to Pfeffer (1906) only a very thin ectoplasmic membrane 
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exists in contact with the cell wall in actively streaming cells. Furthermore, ac- 
cording to Ewart (1903), the adjacent surfaces of both the protoplasm and vacuole 
flow. In addition, to account for rotational streaming by a sol-gel mechanism 
requires several assumptions. Because of this, Seifriz (1943) suggests an alter- 
nate view, namely, that “streaming is occasioned by a contractile force which need 
not involve a viscosity change or a sol-gel transformation.” 

If the sol-gel mechanism is the main source of the motive force in protoplasmic 
streaming in Elodea, as there is certainly good evidence that it is for protoplasmic 
streaming in certain other cells (Mast, 1931; Lewis, 1942), the inhibition of 
streaming produced by centrifuging may be due to a lowering of the viscosity 
resulting in a disruption of the sol-gel mechanism. 

Moore (1935) found that centrifuging at 75,000 times gravity for five min- 
utes deforms and retards proliferation (and I presume streaming) for fifteen 
hours in plasmodium. He interprets this result as due to a separation of a heavy 
and light component of the cytoplasm. When allowed to stand for sufficient time, 
these heavy and light components of the cytoplasm return to their normal spatial 
relationships, and proliferation and streaming are reestablished. 

High centrifugal force has been demonstrated to displace most of the visible 
cellular materials (Beams and King, 1939; Beams, 1943) and certain ultramicro- 
scopic structures in the liver cell (Claude, 1943), as well as various types of protein 
molecules in non-living colloidal solutions (Svedberg, 1934). Yet, convincing 
evidence has not been obtained that a disruption of the vital ultramicroscopic 
organization of the protoplasm of Ascaris eggs occurs even at forces on the order 
of 900,000 times gravity for thirty minutes (Beams and King, 1937 ; Beams, 1943). 
This indicates that the intermolecular forces contributing to the vital structural 
protoplasmic framework are sufficiently great to resist disruption by high cen- 
trifugal force. 

However, whether or not the inhibition of protoplasmic streaming in Elodea 
reported here may be explained on the same basis as that given by Moore (1935) 
for plasmodium is unknown. 

In spite of the fact that all the visible cellular materials, including the cytoplasm, 
may be displaced to one end of the cell, recovery in the majority of cells does not 
result in a reversal of the direction of streaming. No experimental procedure has 
as yet been developed to produce consistent reversal in streaming of Elodea cells. 
However, Ewart (1903) states that change in direction of streaming can sometimes 
be observed in cells of Elodea after the application of stimuli sufficiently great to 
produce death in some cells and temporary stoppage of streaming in others. Seifriz 
(1943) has observed in treated Elodea that the chloroplasts flow as a belt around 
the “waist” of the cell. It is difficult to understand where the factors for polarity 
of streaming reside within the cell. All of the cytoplasm, including the peripheral 
membrane, seems to be displaced, at least insofar as could be detected with the 
microscope. 

Both elasticity and contractility have been observed in streaming cytoplasmic 
strands. In thin strands the thickness of the cortical layers must be very small. 
Hence, the contractile properties of the strand probably include the whole of its 
protoplasmic structure. 

The chloroplasts seem to be of a highly viscid consistency. The starch granules 
were the only elements within them that could be consistently displaced by high 
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centrifugal force. This is in agreement with the observations made with the 
micro-dissection apparatus, to the effect that chloroplasts appear to be composed 
of an “elastic jelly of doughy consistency” (Scarth, 1927). Large starch grains 
often appear in normal storage tissue attached to the surface of a chloroplast 
(Zirkle, 1926). However, there seems little doubt that the displacement of the 
starch grains reported here is due to centrifugal force. 


CoNCLUSIONS 


High. centrifugal force produces a rapid stratification of the visible cellular 
materials in Elodea. From the centrifugal to the centripetal end, the materials 
are stratified as follows: (1) chloroplasts, cytoplasm and nucleus; (2) vacuole. 
In cells examined immediately after centrifuging at high forces, evidence of organ- 
ized streaming is usually absent, but Brownian movement is often apparent. Most 
of the cells survive exposure to 350,000 times gravity for thirty minutes. 

The inhibition of streaming may be due to a lowering of the viscosity as a 
result of the rapid displacement of the chloroplasts through it. 

Recovery from centrifuging usually occurs in the following order: (1) Brownian 
movement at the centrifugal end aids in a redistribution of the granular cytoplasm 
along one or both sides of the cells; (2) initial streaming, movements are usually of 
an unorganized type; and (3) organized streaming is slowly established which 
results in a slow irregular rotation of the large massed chloroplasts. Eventually 
the bunched chloroplasts separate, and the normal velocity of streaming, as well as 
the normal distribution of chloroplasts, is established. 


In only about 7 per cent of the cells could the direction of streaming be reversed 
by centrifuging. 

Evidence of elasticity and contractility within thin strands of protoplasm has 
been observed. 

Displacement of starch grains within chloroplasts has been observed. 
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THE PRESENCE OF THE TRICARBOXYLIC ACID CYCLE 
IN THE CILIATE COLPIDIUM CAMPYLUM* 


GERALD R. SEAMAN 2: 8 


The Marine Biological Laboratory, Woods Hole, Mass. and the Biological Laboratory, 
Fordham University, New York 


Colpidium campylum is a ciliate which can be easily cultured bacteria-free in 
a liquid medium. It has been demonstrated that when cultured in proteose-peptone 
from which the lipids have been extracted, the organism is capable of synthesizing 
large amounts of fatty acids (Wilber and Seaman, 1948). 

Since the tricarboxylic acid cycle is a link between protein and carbohydrate 
metabolism, it seemed desirable to make a study of this cycle as the first step 
toward the elucidation of the pathway for fatty acid synthesis from protein in this 
organism. 

While there have been many investigations of this cycle in vertebrate tissue 
and in bacteria, there has been little done with protozoa. Van Niel, Thomas, 
Ruben and Kamen (1942) found that the ciliate Tetrahymena geleii assimilates 
carbon dioxide in the anaerobic formation of succinate during the fermentation of 
glucose. Baker and Baumburger (1941) found cytochrome c, b, and a, to be 
present in this same organism with indications of the presence of cytochrome a,. 
Hutchens, Jandorf and Hastings (1941) ascertained the DPN content of the 
flagellate Chilomonas paramecium. Hutchens (1940) also identified the presence 
of cytochrome c in Chilomonas. Laurie (1935). demonstrated the presence of 
succinic dehydrogenase in the ciliate Glaucoma pyriformis. 


MATERIALS AND METHODS 


Colpidia were grown in sterile, pure cultures in 150 cc. Erlenmeyer flasks con- 
taining 50 cc. of 3 per cent Difco proteose-peptone solution from which the carbo- 
hydrate. had been precipitated with copper sulfate (Peters and Van Slyke, 1931) 
and the lipids extracted with hot alcohol (Bloor, 1943). The organisms used were 
obtained from cultures maintained in the Biological Laboratory, Fordham Univer- 
sity and are the same strain as was used in a previous investigation (Wilber and 
Seaman, 1948). For use in this investigation, new cultures were inoculated with 
1 cc. of organisms from a three-day culture and allowed to grow for two days at 
a temperature of 22+2° C. At this time the cultures were at the mid-point of 
the logarithmic phase of growth (population about 40,000 colpidia per cc.). 

The organisms for use were concentrated by centrifugation and aliquots with- 


1 Portion of a dissertation submitted in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy at Fordham University. 
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aid and encouragement. 
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drawn for ascertaining the dry weights of the cells (Ormsbee, 1942). The re- 
maining cells were washed three times with Hahnert’s solution (Hahnert, 1932), 
to which was added magnesium sulfate to make a final concentration of 0.02 M 
(final pH adjusted to 5.6). The cells were then starved for twelve hours before 
use. At the end of this period the organisms were again concentrated, resuspended 
in the modified Hahnert’s solution and 2 cc. portions (containing approximately 
10 mg. dry weight of cells) transferred into standard Warburg vessels. 

Oxygen uptake was measured by the conventional Warburg direct method. 
In all cases the total volume of each vessel was 3.5 cc. Vessels were shaken at a 
rate of 120 cycles per minute through an arc of 5 cm. 

Sodium pyruvate was prepared by the method of Robertson (1942); oxalo- 
acetic acid by the method of Krampitz and Werkman (1941). All other sub- 
strates were obtained commercially. Concentrations of substrates are given as 
final concentration. 

Pyruvic and a-ketoglutaric acids were estimated according to the method of 
Friedmann and Haugen (1943) ; succinic acid according to Krebs (1937) ; oxalo- 
acetate according to Edson (1935) ; fumaric acid according to Krebs, Smyth and 
Evans (1940). 

RESULTS 

Pyruvate is rapidly metabolized by Colpidium. When 0.02 M pyruvate is: 

added to cells respiring in modified Hahnert’s solution there is an immediate 
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Ficure 1. Effect of pyruvate on oxygen uptake in Colpidium. Modified Hahnert’s solution, 
pH 5.6. Gas phase, O, Temperature, 25.5° C. At arrow, 0.02 M pyruvate added. 
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Ficure 2. Effect of malonate and fumarate on oxygen uptake in Colpidium. Modified 
Hahnert’s solution, pH 5.6. Gas phase, O,. Temperature, 25.5° C. Curve 1, no added sub- 
strate; curve 2, 0.02 M pyruvate; curve 3, 0.02 M pyruvate + 0.02 M malonate; curve 4, 0.02 M 
pyruvate + 0.02 M malonate + 0.001 M fumarate. 


increase in the rate of oxygen uptake (Fig. 1). There is a utilization of 0.081 
mg. of pyruvate per mg. dry weight of cells per hour (Table II). 

If the tricarboxylic acid cycle plays a role in the metabolism of Colpidium, the 
oxygen uptake in the presence of pyruvate should be inhibited by malonate. This 
inhibition should be released upon the addition of fumarate. . Figure 2 shows that 
0.02 M pyruvate increases the Qo, from the endogenous value of 13.2 to 26.3, 
an increase of 99 per cent. In the presence of pyruvate and 0.02 M malonate 
the Qo, is 15.4, 83 per cent inhibition of the pyruvate effect. The Qo, is restored 
to a value of 23.6 by the addition of 0.001 M fumarate, an 89 per cent recovery 
of the malonate inhibition. 

The effect of other acids of the tricarboxylic acid cycle on oxygen uptake is 
shown in Table I. Succinate results in an increased Qo, of 105 per cent; a- 
ketoglutarate 102 per cent; fumarate 90 per cent; malate 97 per cent; and oxalo- 
acetate, an increase of 85 per cent. 

The quantities of metabolites recovered from various substrates are shown in 
Table II and III. Fumarate and a-ketoglutarate are recovered in approximately 
equal amounts when pyruvate is the substrate. The addition of fumarate to 
pyruvate increases the recovery of a-ketoglutarate by 142 per cent. Fumarate 
and pyruvate are recovered in a ratio of approximately 1 to 4 when oxaloacetate 
is utilized as a substrate. 

Table III shows that as a result of the fumarate release of malonate inhibition, 
there is an added utilization of 0.051 mg. pyruvate per mg. dry weight of cells 
per hour, and an added recovery of succinate amounting to 0.013 mg. per mg. dry 
weight of cells per hour. 
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TABLE | 


Effect of acids of the tricarboxylic acid cycle on oxygen uptake in Colpidium. Modified Hahnert's 
solution, pH 5.6. Gas phase, Oz. Temperature, 25.5° C. Concentration of all substrates except 


fumarate, 0.02 M; fumarate, 0.001 M. 
Qo: Substrate 


13.2 — 

27.1 succinate 

26.8 a-ketoglutarate 
25.1 ; fumarate 

26.1 malate 

24.5 oxaloacetate 


TABLE [I 


Utilization. of substrates and recovery of intermediate metabolites in Colpidium. Modified 
Hahnert's solution, pH 5.6. Gas phase, Or. Temperature, 25.5°C. Qsubstrate is mg. substrate 
utilized (—) or mg. metabolite formed (recovered) (+-) per mg. dry weight of cells per hour. Pyruvate, 
0.02 M; oxaloacetate, 0.002 M; fumarate, 0.001 M. 


Substrate added 


Qsubstrate 
pyruvate pyruvate + fumarate oxaloacetate 





— — 0.044 
0.081 0.065 — 
0.012 0.029 — 


(+ )pyruvate 
( a )pyruvate 
(+ )ketoglutarate 


0.016 — 


( ‘m Joxaloacetate 
(+ )fumarate 


TABLE III 


Formation of succinate in Colpidium. Modified Hahnert's solution, pH 5.6. Gas phase, Os. 
Temperature, 25.5° C. Malonate, 0.02 M; pyruvate, 0.02 M; fumarate, 0.001 M. 
Substrate added (in addition to malonate) 
Qsubstrate pyruvate pyruvate + fumarate 
0.016 0.067 


(+ ) pyruvate 
0.003 0.016 


( + )succinate 


TABLE IV 


Effect of succinate, a-ketoglutaraje, and citrate in releasing malonate inhibition in Colpidium. 
Modified Hahnert’s solution, pH 5.6. Gas phase, O2 Temperature, 25.5° C. Malonate, pyruvate, 
a-ketogluterate, succinate, 0.02 M; citrate, 0.008 M; fumarate, 0.001 M. 


Substrate (in addition to pyruvate which was 
present in all vessels) Qo: 


malonate 

citrate 

citrate + malonate 

citrate + malonate + fumarate 
a-ketoglutarate + malonate 
succinate + malonate 
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Added citrate in final concentrations’ ranging from 0.002 M to 0.01 M has no 
effect on the oxygen uptake. Table IV shows the ability of citrate in releasing 
malonate inhibition as compared to the ability of succinate and a-ketoglutarate 
to release the inhibition. Succinate and a-ketoglutarate release the malonate inhi- 
bition to approximately the same extent as does fumarate (compare Fig. 2), 
whereas citrate does not release the inhibition. 


Discussion 


It would be desirable to compare the Qo, values obtained for Colpidium in this 
investigation with values obtained for other protozoa. However, it is impossible 
to make such a comparison, since it was found (Ormsbee, 1942) that the Qo, 
of the same species of Tetrahymena varies from 6.2 to 77.7 depending upon the 
age of the culture, the length of the starvation period before oxygen uptake is 
measured, and the composition of the suspending medium. Other factors affect- 
ing Qo, values in protozoa are the rate of shaking of the manometer vessels (Hall, 
1938) and the concentration of cells used (Pace and Lyman, 1947), Hutchens 
(1941) found that in Chilomonas paramecium the oxygen uptake per hour per 
10,000 cells varies with different strains, even though both strains are studied 
under identical conditions. 

Since added citrate does not increase oxygen uptake or release malonate inhi- 
bition, and since fumarate, succinate, and a-ketoglutarate do cause increased oxygen 
uptake and do release malonate inhibition, it must be concluded (Stare, Lipton, 
and Goldinger, 1941) that citrate does not occupy a major position in the tri- 
carboxylic acid cycle as it occurs in Colpidium. 

It appears from the data of Von Dach (1942) that the tricarboxylic acid cycle 
is not present in the colorless flagellate, Astasia. In this organism, succinate, 
fumarate and malonate have no significant effect on the oxygen uptake. In Para- 
mecium caudatum, succinate increases oxygen uptake by only 8 per cent (Leich- 
senring, 1925). 

Elliott (4935) found that pyruvic acid (0.5%) inhibits growth in Colpidium 
campylum and in C. ‘striatum. On the other hand, Bond (1933) found that 
pyruvic acid stimulated growth in C. campylum. However, he found that suc- 
cinate (1.0%) and malate (1.0%) inhibit growth. These findings are unusual 
if, as has been demonstrated in this paper, these compounds are metabolites. It 
must be noted that the concentrations used by these authors were very much higher 
than those used in the present investigation. It is well known that normally 
occurring metabolites in high concentrations may cause inhibition of metabolic 
functions, as measured by oxygen uptake. It would be desirable to ascertain the 
effects of acids of the tricarboxylic acid cycle on the growth of Colpidium when 
used in concentrations which are known to be physiologically active (0.001-0.02 M). 
Such an investigation is now in progress. 


SUMMARY 


1. Evidence is presented for the presence of the tricarboxylic acid cycle in the 
metabolisms of the ciliate Colpidium campylum. 

2. Apparently citrate does not occupy a major position in the tricarboxylic acid 
cycle as it occurs in Colpidium. 
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GAMETOGENESIS IN THE OYSTER UNDER CONDITIONS OF 
DEPRESSED SALINITY 
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Interior, Annapolis, Maryland 


The American oyster, Ostrea virginica Gmelin, flourishes naturally in brackish 
waters ranging in salinity from 16 to 27 parts per thousand. But the salt tolera- 
tion of the animal is such that it can survive in waters having a much broader range 
of salt content. In many localities, commercial production of oysters is maintained 
where seasonal floods may expose the bars to entirely fresh water for short periods 
of time. Some of the more important seed-producing areas on the Atlantic Coast 
consistently have a salt content of less than 15 °/o9. Consequently the effects of 
lowered salinity on oyster physiology and reproductive ability have long been of 
interest. The opportunity presented itself in 1946 to examine the gonads of oysters 
living under unusually great variations in salt content. Extensive flood waters 
from the Susquehanna River watershed into the upper reaches of Chesapeake Bay 
during the summer of 1945 and spring of 1946 caused salinity depressions from a 
normal range of 10 to 15 °/o9 to zero for protracted periods. Oyster beds located 
twenty miles south of the entrance of the river into the bay were frequently exposed 
to fresh water. In the period following these extremes, mortalities up to 70 per cent 
of the population were recorded on the bars in this area (Engle, 1946). The 
oysters remaining viable were of unusually poor quality. The body tissues were 
edematous and nearly transparent. The adductor muscle lacked tonus so that the 
valves could be separated easily and frequently were gaping. 

Samples of ten or more oysters from this low salinity area, designated here 
as the LS group, were collected weekly in the summer and at longer intervals dur- 
ing the fall and winter of 1946. Transverse sections of the gonad were prepared 
for histological examination. For comparative purposes, a similar series of oysters, 
designated as the HS group, was collected in another part of the bay where the 
salinity was higher and remained relatively unaffected by the flood conditions. 
These oysters were of good market quality and during the summer produced a 
set of young oysters of commercial proportions indicating normal gonad develop- 
ment and spawning reactions. Routine hydrographical observations were made 
at the time of each sampling, as well as plankton tows and notes on the feeding 
activity and general condition of the oysters. 

Of the 185 oysters in the LS group over three years old examined, 40 per cent 
were females, 33 per cent were undifferentiated, 26 per cent were males and 1 per 
cent were sex reversals. Of the 221 specimens in the HS group, 70 per cent were 
females, 29.5 per cent were males and 0.5 per cent were hermaphroditic. The ab- 
sence of undifferentiated gonads in the HS group was striking in comparison with 
the LS group. 
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The orderly sequence of events in the development of functional gametes in the 
American oyster has been described (Coe, 1932; Loosanoff, 1942), and the résumé 
of the stages given here for the HS oysters growing in Chesapeake Bay differs in 
no important respect from conditions found elsewhere except with regard to 
timing (Loosanoff and Engle, 1940). Spawning is initiated when water tempera- 
tures rise to levels approximating 18 to 20° C., and consequently its occurrence 
varies from year to year at any particular geographical location. Typically, after 
the final spawning of the population in late summer, there is a short period of rest 
in which the gonadal tissue is made up of undifferentiated gonial cells. These 
soon proliferate and early maturation takes place. By this time, usually late Decem- 
ber in Chesapeake Bay, water temperatures have decreased to the extent that the 
oyster becomes inactive and the gonad remains quiescent until the following March. 
Thus in early spring, gonad sections from the HS oysters are characterized by fairly 
large numbers of auxocytes. As water temperatures increase, differentiation and 
growth proceed at a rapid pace, and mature gametes first appear in May when 
spawning may begin. In June most of the gonads are filled with ripe sexual 
products, and from that time until early September, successive waves of spawning 
may continue. By the end of September the majority of gonads are in the resting 
condition. 

In contrast to this typical picture, section of the gonads of the LS group revealed 
that 5 to 40 per cent of each sample contained gonads which were in the resting 
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Ficure 1, Seasonal progression of stages in the development of gametes in oysters from 
a low salinity area (LS Group) and from a higher salinity area (HS Group). Each point 
represents the predominant activity in a sample of 10-40 oysters collected during a two-week 
or longer period. Initial and final phases in the growth of auxocytes, termed Early and Late 
Maturation, are normally separated by the winter hibernating period in this area. 
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gonial or undifferentiated stage until the middle of August. This condition must 
have persisted from the close of the spawning period of the previous year, the time 
of its normal occurrence. By the end of August there was a marked improvement 
in the appearance of the oysters, and the gonads reached stages of activity which 
had characterized the HS oysters examined two months earlier. In early Novem- 
ber, a majority of the LS oysters were spawned out, and from this time until 
January, early maturation continued at a high level. When the oysters finally en- 
tered the hibernating stage at temperatures of less than 5° C., the majority of LS 
oysters were indistinguishable, with respect to the histology of the gonad, from the 
oysters living in the higher salinity area. 

In about 90 per cent of the specimens of LS oysters examined, the gametogenic 
cycle lagged approximately two months behind that of the high salinity group, 
but in the remaining 10 per cent of the specimens, the gametogenic cycle showed the 
same timing pattern as in the HS group. In order to portray graphically the dif- 
ferences between the two populations, the successive stages in normal gonad activity 
were assigned arithmetic values from one to ten, depending on the preponderant 
condition or cell type present. The average arithmetic value was then obtained 
for each sample of gonads collected over a two-week or longer period and has been 
plotted against time for the two areas studied (Fig. 1). 

It was observed that during the summer, developmental stages in different 
gonads of a sample overlapped or were concurrent because of the relatively long 
period of four months in which eggs are produced. The average values shown in 
Figure 1 demonstrate the seasonal trend of the gametogenic cycle, but they do not 
show the wide variations found within each of the samples of oysters... Earlier 
investigators (Nelson, 1928; Loosanoff, 1942) have noted the variations in gonad 
response found in some individuals of a sample where, for unknown reasons, 
maturation may be delayed or physiologically mature gametes may be retained long 
after the general population has spawned. This condition is especially prominent 
in the LS oysters examined. In the first week of August, individuals from one 
sample demonstrated all stages in gonad development from the undifferentiated 
gonial cells to the spawned-out stage. The degree of variation among individuals 
was far less extensive in the HS group, in which for the same period the gonads 
were fairly equally divided between the partially spawned and the spawned-out 
stages. The percentage distribution of each stage within the samples collected is 
tabulated to illustrate this disparity in the two populations (Fig. 2). 

During the first two weeks of August there was a significant change in the 
appearance of the gonad sections from the oysters of the LS group. Wide varia- 
tions in the stages of activity attained by the individual oysters continued, but all 
of the gonads suddenly advanced beyond the indifferent and early maturation stages, 
and 50 per cent of them were partially or almost completely spawned. In this period 
there were only minor fluctuations in the temperature but the salinity rose abruptly 
from less than 3 °/99 to more than 8 °/g9. No other environmental changes of 
importance were noted during this period. 

The recovery of oyster larvae from the plankton tows made at the two stations 
corresponds, in general, with the histological picture. In the high salinity area, 


1 The writer is indebted to Mr. James B. Engle of the U. S. Fish and Wildlife Service, 
who provided the data on plankton. 
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larvae were found two weeks after mature gametes were observed in the sections. 
The last plankton sample taken, October 8, still contained numerous larvae, al- 
though it was from two to three weeks after the apparent absence of gametes from 
the gonad sections. There were two seasonal peaks in larval production: the first 
week of July and the last week of August. In the low salinity area there was but 
one seasonal peak toward the end of August. No larvae at all were collected here 
until seven weeks after their initial appearance in the HS area, although through- 
out this period 10 per cent of the gonad sections had contained apparently mature 
gametes. The failure to find larvae in the water at that time may be attributed to 
inadequate sampling methods or, more probably, to the inhibition of spawning. 
The observed tissue edema may have interfered with the activity of the adductor 
muscle in the spawning reaction (Galtsoff, 1938) or have partially closed the gill 
ostia, thus preventing the passage of ova to the exterior (Hopkins, 1936). 
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Figure 2. The percentage distribution of different stages of gonad activity in each sample 


of oysters collected from the low (L) and high (H) salinity areas. See legend under Figure 1 
for description of samples. 
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Water temperatures throughout the period of observations were normal for the 
region (Fig. 3). In the low salinity area, the bottom temperature was 16.8° C. 
in the middle of May, approached 20° C. in the first week of June, and reached the 
summer maximum of 26° C. on the first day of August. It then decreased gradually 
to 15.8° C. at the end of October, and to less than 5° C. in the period ‘December 
through January. Bottom water temperatures in the high salinity area regularly 
followed the same levels within one or two degrees. 


Mey June July August September October November December Jonuary 


Ficure 3. Seasonal fluctuations in salt content of bottom waters in the high (HS) and 
low (LS) salinity areas. The bottom temperature curve (T) is shown for the LS area. Tem- 
peratures in the HS area did not vary more than one degree plus or minus from these data. 


The salt content of the water was more variable (Fig. 3). In the LS area, 
bottom salinities fluctuated from zero (fresh) to 6 °/o9 in the period from the 
middle of May until the first of August. One-third of the records for this time 
showed: fresh water. In August the salt level increased steadily to 13 °/o9 and 
then gradually dropped to 11 °/o9 by the end of the year. In the HS area, the 
lowest salinity of 6 °/o9 was recorded toward the end of June. Before and after 
that time, the salinity increased steadily to 15 °/ 9. 

Only four specimens, one per cent of the total examined, gave evidence of the 
instability of the sex mechanism in this species of oyster. Three of the individuals 
were clearly defined protandric reversals in which the gonaducts contained residua 
of spermatozoa, and the walls of the follicles were lined almost exclusively with 
oocytes in early stages of maturation. These specimens were obtained early in 
September, which indicates that reversal of sex had taken place when the majority 
of the population were spawning. Loosanoff (1942) has suggested that sex 
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reversal takes place when the gonads are made up of undifferentiated gonial cells, 
usually in late October in Long Island Sound. It would appear most reasonable 
that sex reversal should take place during this stage, but the. specimens found here 
suggest that if it does, the indifferent stage may occur much earlier in the summer, 
i.e., July and August, in at least part of the population. In one of the four speci- 
mens mentioned above, the gonadal tissue was made up of fairly equal numbers of 
developing oocytes and spermatocytes within each follicle. The developmental 
stages attained were the same as in other unisexual specimens collected at the same 
time, indicating that this oyster would have been a functional hermaphrodite when 
the general population spawned. The percentage of intersexes found in this rather 
_small sampling agrees with observations by other workers. In the 221 oysters 
from the HS area there was a ratio of females to males of 2.41. This figure is 
comparable with observations in Galveston Bay, Texas, but contrasts with the ap- 
proximately 50-50 sex ratio found along the Atlantic Coast (Hopkins, 1931). 

The deleterious effect of the environment on the physiology of the oyster, as 
evidenced by the delayed production of gametes until such time that the water 
temperatures made their survival improbable, would appear to be due to the low 
salinity of the water. That this effect was not a direct inhibition of gametogenesis 
is indicated by the fact that 10 per cent of the LS group elaborated mature gametes 
at the usual time in the early summer. The factors directly affected by lowered 
salinities which may be operating here to prevent gametogenesis include several 
possibilities. It has been shown (Hopkins, 1936) that during exposure to fresh 
water the oyster’s valves may be closed most of the time and also that even when 
open, the passage of water through the gills may decrease or stop entirely. Either 
one or both of these factors would seriously curtail the feeding of the animal. It 
is also possible that during this time necessary food elements were absent from 
the plankton, or that tissue edema prevented the normal assimilation of food. In 
any event the end result appears to have been, fundamentally, a tissue starva- 
tion. Hopkins (l.c.) theorized such an end result after studying the feeding 
mechanism in O. gigas in the presence of artificially lowered salinities. It was 
noted that in the small group of LS oysters which produced gametes at the usual 
time in late spring, there was a moderate reserve of stored food which gave the 
tissues a typical opaque appearance. These oysters, as well as the ones having no 
visible food storage, had empty digestive tracts at the time of examination. This 
would indicate that the reserve food had been held over from the previous fall rather 
than that this small group had been able to continue feeding during the period of 
lowered salinities. The evidence is clear, moveover, that soon after the salinity 
level rose above 6 °/o9 in the first week of August, the animals commenced feed- 
ing, there was an obvious improvement in the appearance of the tissues, and gonad 
activity started to approach the normal picture. 


SUMMARY 


Histological examination of oyster gonads from an area naturally exposed to 
prolonged periods of fresh water, when compared to oyster gonads from an adjacent, 
unexposed area, showed : 


1. Gametogenesis was inhibited in 90 per cent of the surviving population until 
salinity levels rose above 6 parts per thousand. 
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2. Following the salinity increase, oysters rapidly improved in condition but 
required from three to four months to attain the same final level of gonad activity 
as the unaffected group. 

3. Marked variation and suppression of gonad activity in the exposed oysters 
is attributed to variations in food availability, rather than to direct inhibition of 
sexual activity by less saline water. 

4. Sex ratios and extent of intersexuality in the population sampled, as well as 
details of, the gametogenic cycle, agree for the most part with published observa- 
tions on Ostrea virginica in other parts of its geographical range. 
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NUCLEAR AND CYTOPLASMIC INTERRELATIONS IN THE 
FERTILIZATION OF THE ASTERIAS EGG 


ROBERT CHAMBERS AND EDWARD L. CHAMBERS 
Lilly Research Laboratories, The Marine Biological Laboratory, Woods Hole, Mass. 


The existence of a functional relation between nucleus and cytoplasm is gen- 
erally accepted, but there are relatively few instances in which the relationship can 
be demonstrated experimentally. Among ova an extreme case is that exhibited 
by the maturing ovum. Fol (1877, 1879), in his classic work * on the maturation 
and fertilization of the egg of Asterias glacialis, was probably the first to associate 
the maturation of the ovum with the breakdown of the germinal vesicle. In gen- 
eral, the significance of maturation of the ovum has been too closely limited to the 
elimination of the polar bodies. More attention should be given to what is probably 
the basic feature of the phenomenon, namely, changes incurred in the cytoplasm 
through the admixture of nuclear material from the enlarged germinal vesicle of 
the ovarian egg (cf. maturation cytoplasmique of Delage, 1901; and R. Chambers, 
1921). It has been recently proposed (R. Chambers, 1949) that the cytoplasm of 
the maturing and mature egg be termed karyocytoplasm. 

There is also to be considered a relationship between the male and female nu- 
clear elements of the fertilized egg and of both elements with the maturing karyo- 
cytoplasm. Many observers have ascribed the movements of the male and female 
pronuclei to their mutual attraction across the intervening cytoplasm of the egg. 
An early attempt at testing the existence of such an attraction was made by George 
Lester Kite, a pioneer in microdissection. In a lecture (unpublished) given dur- 
ing the summer of 1915 at the Marine Biological Laboratory, Woods Hole, Dr. 
Kite described his efforts at interposing the tip of a microneedle as an obstacle 
between the male and female pronuclei in the transparent egg of Lytechinus, then 
known as Toxopneustes. As he dramatically stated: “The pesky nuclei insisted 
in slipping around the obstacle and no efforts, short of destroying the egg, could 
prevent the nuclei from approaching one another and uniting.” 

More recently, E. L. Chambers (1939) was able to offer an interpretation in 


1 Fol’s 1879 paper is extraordinary for the abundance and accuracy of his extended observa- 
tions on the living Echinoderm egg. His assumption of extruded cytoplasmic filaments of the 
Asterias egg which serve to draw the blunt-nosed spermatozoa through the surrounding jelly 
to the surface of the egg had been largely discredited until fully substantiated many years later 
not only for Asterias but also for many of the Asteroidea. Even in regard to the quadrille des 
centres described by Fol in his paper of 1891 and attacked by Wilson and Mathews (1895), Fol 
had a case. In his 1879 paper (p. 210) Fol remarked that in heavy polyspermy the sperm asters 
assume identical distances from one another placed with their centers along a theoretical circle. 
This fits in with the findings of E. L. Chambers (1939) regarding the sperm aster as a growing 
spherical gelated body. Several sperm asters simultaneously growing in size would assume the 
positions ascribed to them by Fol. Such symmetrical positions of four sperm asters would 
explain Fol’s quadrille des centres. It was unfortunate that Fol was not able to correct his 
one wrong hypothesis because of his untimely death soon after publication of his paper. 
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. terms of physical changes in the cytoplasm. He showed that the movements could 
be ascribed to the growing sperm aster as a gelated body (R. Chambers, 1917), the 
sperm pronucleus lying in or close to the center of the aster. The progressive 
increase in size of the aster transfers the sperm pronucleus passively to a central 
position in the egg, while the egg pronucleus is carried to the sperm pronucleus 
by centripetal streaming in radial channels converging at the center of the aster. 
Fol (1879, pp. 105 and 194), who first described the aster, had already presented 
the idea that the astral radiations are due to streams of centripetal flow. 

The normal dissolution of the germinal vesicle of the fully grown oocyte initiates 
a gradual and prolonged process (R. Chambers, 1921) which converts the somatic 
cytoplasm of the ovarian egg into the karyocytoplasm of the maturing egg ready 
for fertilization. The experiments described in this paper, a brief account of which 
has been published (R. Chambers and E. L. Chambers, 1940), present the matter 
in detail with evidence concerning hitherto unsuspected causal interrelations be- 
tween the egg nucleus, the sperm pronucleus, and the egg cytoplasm during and 
after alteration of the cytoplasm by the spontaneous dissolution of the germinal 
vesicle. These interrelations constitute, as it were, the performances of a three 
ring circus in the maturation of the egg. 

The experiments stress features which are concerned with the egg and sperm 
nuclei during their earlier stages before the sperm aster has attained full expres- 
sion. They are not to be compared with the egg fragmentation studies of Delage 
(1899), Tennent, Taylor and Whitaker (1929) and Whitaker (1928), all of which 
were done on fully mature sea urchin eggs and with reconstituted female pronuclei, 
both polar bodies already having been eliminated. 


MATERIAL AND METHODS 


The starfish egg is admirably suited for the present study, since, commencing 
with the germinal vesicle stage, the eggs one in sea water and insemination can 
take place at any time. 

Fol (1877) had observed that the eggs of Asterias glacialis normally are expelled 
into the sea water with the germinal vesicle still intact. In our work the fully 
grown germinal vesicle eggs were uniformly obtained by removing the ripe ovaries 
into finger bowls of sea water, where the eggs were immediately distributed in a 
large volume of sea water. Most of the work was done during the months of 
June and July. Only those batches of eggs were used in which over 90 per cent of 
samples of the eggs matured. All the bisecting operations on the eggs were done 
under oil and water immersion objectives. 

The fragmented eggs and their controls were maintained at a temperature of 
16° C. in syracuse watch glasses. The operations and observations were made 
in hanging drops suspended from a coverslip in the moist chamber of a micro- 
manipulator at room temperature. The eggs were transferred to the moist chamber, 
and several eggs immediately bisected. This required about three or four 
minutes. The eggs were then replaced in the watch glasses at 16° C., kept there 
until a few minutes before appearance of the sperm aster was expected, and then 
re-transferred to the moist chamber for observation. 

The bisections were performed on the eggs at varying intervals after dissolu- 
tion of the germinal vesicle, some before and others after insemination. The eggs, 
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suspended from the roof of the moist chamber, were divided by compressing them 
with the horizontal shaft of a slender microneedle. The vitelline membrane of 
the unfertilized egg and the enveloping membrane of the fertilized egg are firm 
enough to remain more or less intact during the bisection. The two egg frag- 
ments, which immediately round up and are completely separated, tend to remain 
together. The cutting was generally done so as to have both fragments of about 
the same size, one fragment never being smaller than about one half the volume 
of the other. Such a difference in size had no appreciable effect on the time of 
appearance of the polar bodies or of the sperm aster. This is in accord with 
Tennent, Taylor, and Whitaker (1929) who had shown that the cleavage time of 
egg fragments is independent of size as long as the fragments, when fertilized, 
undergo segmentation. 

In all the experiments, every individual fragment was kept under observation 
simultaneously with its companion fragment in the same microscopic field. Hence, 
when a phenomenon was detected in one fragment it could be immediately com- 
pared with what might appear in the companion fragment. The time sequences 
and the phenomena looked for in each individual case were so clear-cut that in- 
tervals as short as two minutes were significant. The phenomena observed were 
the appearance in the granular cytoplasm of a diminutive radiating star which 
represented the sperm aster, and the elevation of a hyaline nipple on the surface 
of the egg, the beginning of one or other of the polar bodies. 

Bisecting eggs with intact germinal vesicles confirmed the already recognized 
finding that fragments lacking the germinal vesicle are not fertilizable (Delage, 
1901). After normal dissolution of the germinal vesicle, both fragments are 
capable of being fertilized, one with a diploid (sperm and egg), and the other with 
a haploid (sperm) nucleus. 

The bisection of eggs already inseminated was done at varying times prior to 
first polar body formation. As was to be expected, only those fragments were 
capable of further development which contained the sperm pronucleus. Special 
attention was given to those eggs in which the sperm and egg nuclei were separated, 
one in each fragment. 


RESULTS 


The investigation is classified under two general headings. The first deals with 
observations on the sequence of events in whole eggs, and the second with bisected 
eggs. In the latter, attention was directed toward the reactions of the male and 
female nuclei when together and when isolated in the respective fragments of 
karyocytoplasm. 


I. Observations on the Whole Egg 
A. The unfertilized egg 


The first intimation of the dissolution of the germinal vesicle is the development 
of an irregular contour of the membrane and a fading from view of the prominent 
nucleolus. An irregularity in shape of the membrane is not necessarily related 
to impending dissolution of the germinal vesicle. A mere collapse of the mem- 
brane induced by shaking the eggs does not accelerate maturation. The one 
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visible change which consistently heralds dissolution is the disappearance of the 
nucleolus. This is followed by disappearance of the nuclear membrane and a dif- 
fusion of the nucleolar contents mixed with the hyaline karyoplasm of the nucleus 
into the granular cytoplasm. Within five to fifteen minutes, the region formerly 
occupied by the germinal vesicle is filled with cytoplasmic granules indistinguishable 
from the rest of the egg. In the granular cytoplasm it is possible to detect the 
diminutive, hyaline egg nucleus which later gives off the polar bodies. 


TABLE | 
Sequence of events in the maturing unfertilized eggs of Asterias forbesit at 16—18° C. 
Time 
From time of deposition in sea water to: 
Disappearance of nucleolus (50% completion) 8’— 19’ 


Formation of 1st polar body (50% completion) 76’— 90’ 
Formation of 2nd polar body (50% completion) 105’—119’ 


Table I gives the approximate times of the three most obvious events during the 
maturation of the unfertilized egg. The data were obtained from ten separate 
batches of eggs of at least 100 eggs in each, kept at a temperature of 16-18° C. 
The variations in the times recorded are due to the different batches. Within a 
single batch the variations did not exceed two to three minutes. The figures to the 
left denote the times, within a two minute range, recorded for seven of the batches. 
The figures to the right are of one batch. The times for the two remaining batches 
lie in between. 


B. The fertilized egg 


Table II, with data averaged from records of five batches of eggs, presents an 
analysis of the effect on the appearance of the first and second polar bodies and of 


TABLE II 


Effect of insemination on time of Ist and 2nd polar body formation, 
and of Ist cleavage in eggs of Asterias forbesti, at 16° C. 


(1) (2) (3) (4) (S) (6) 


Eggs inseminated 5 : : : 
——t Time 50% ist Time 50% 2nd Time 50% ist Time 50% ist ‘ 
at following in- P.B. formation P.B. formation cleavage after cleavage after be ave pate 28 
after deposition after deposition deposition in 2nd P.B ietaeniintion: 
in sea water: in sea water: sea water: formation: " 


tervals of time 
after deposition 
in sea water: 


78.2 107.3 
(unfertilized) | (unfertilized) 
70.0 98.0 
71.5 101.0 
74.0 102.5 
75.8 104.0 
77.5 105.5 
106.5 
107.0 
107.5 
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the first cleavage by inseminating the eggs at successive intervals following break- 
down of the germinal vesicle. The first column gives the times of insemination. 
The figures in the second and third columns show that, up to a certain time, the 
earlier the insemination the more accelerated is the formation of the polar bodies. 
When the insemination is delayed to and beyond the time of first polar body forma- 
tion, there is no evidence of acceleration, whereupon, the time of appearance of 
the second polar body tends to coincide with that of its appearance in the unfertilized 


Evidently it is only when the fertilization process is started early that the con- 
version of the egg nucleus into its pronucleus is accelerated. Later, when fertiliza- 
tion occurs at the time that the polar body formation has been initiated, there is no 
longer any appreciable accelerating action. 

A consideration of the cleavage times, presented in the fourth, fifth and sixth 
columns, brings out several significant features. From the fourth column it can 
be seen, as is to be expected, that cleavage time corresponds with the time the eggs 
are deposited in sea water. However, during the earlier stages, up to some time 
before first polar body formation (after 60 minutes), the lapse is not as great as 
during the later stages (cf. Fig. 1). This is brought out more clearly from the 
figures in the fifth column which give the times between those of first cleavage and 
of second polar body formation. They indicate that the time interval, irrespective 
of insemination time, is constant until about the time when the first polar body is 
being initiated. After this the cleavage time becomes directly proportional to the 
insemination time. 

The figures in the sixth column give the times between insemination and first 
cleavage. They show that the earlier the insemination up to the. time when the 
first polar body is initiated (about 70 minutes), the longer is the time which elapses 
before cleavage occurs. After 70 minutes the time between insemination and 
cleavage becomes constant. 

These analyses indicate that the rate at which the fertilization events proceed 
depends upon the cytoplasmic maturation which is completed at about the time 
of first polar body formation. Prior to this, it would seem that the immature state 
of the karyocytoplasm has a delaying effect on the development of the sperm and 
its accompanying events. Upon initiation of first polar body formation, the matura- 
tion of the karyocytoplasm is complete, whereupon the development of the sperm 
from the time of its entry proceeds without delay and cleavage occurs within a 
constant period of time. 

A graphic presentation of Table II is given in Figure 1. The abscissae rep- 
resent the times of insemination; the ordinates, the times when the various events 
occur. Concerning the unfertilized egg, the two vertical dotted lines and the two 
horizontal dotted lines intercept the X and Y axes respectively at the times when 
the first polar body forms (average of 78.2 minutes) and when the second polar 
body forms (average of 108.2 minutes). 

Concerning the fertilized egg, the three solid curves represent the times for the 
formation, respectively, of the first and of the second polar bodies, and of the first 
cleavage in eggs inseminated at different intervals after germinal vesicle break- 
down. The curves for the first and second polar body formation are parallel 
throughout and their upward slopes represent the acceleration due to insemination. 
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It is to be noted that when the insemination occurs at 78 minutes (time of first 
polar body formation) or later, the time of second polar body formation remains the 


same as that of the unfertilized egg. . 
Let us now consider the dotted dash curve which represents the time of first 


appearance of the sperm aster and which was calculated from data obtained on 
about 100 eggs observed with an oil immersion objective. The sperm aster never 
appears until after the second polar body, no matter how early the eggs have 
been inseminated (the earliest recorded being at 25 minutes). During these earlier 
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Time of Insemination in Minutes 
Subsequent to Deposition in Sea Water 


Ficure 1. Relation of time of insemination to time of appearance of first P.B., second 
P.B., and first cleavage (solid lines), and of sperm aster (dotted dash line). Faint dotted 
horizontal lines represent times of appearance in unfertilized eggs of first and second P.B. The 
observations were made on eggs of Asterias forbesti at 16° C. 


stages of the developing egg, it appears at two to three minutes after the second 
polar body has been given off. In later stages, viz., after 70 minutes, this interval 
becomes progressively greater. It is to be noted that the interval between the 
time of appearance of the sperm aster and the time of first cleavage is always just 
about 68 minutes, whether the time of insemination is early or late. This is the 
normal time for the events following aster appearance. The length of the interval 
between the time of insemination and the time of sperm aster appearance varies, 
depending upon the state of maturation of the karyocytoplasm. It becomes con- 
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stant only when the egg is fully mature, which also coincides with the time of first 
polar body formation. Thus, when the eggs are inseminated as early as 25 minutes 
after being placed in sea water, a period of about 78 minutes must elapse before 
the sperm aster appears. When the egg is inseminated during or after the first 
polar body formation, the interval between insemination and appearance of the 
sperm aster is found to be constantly about 35 minutes. 

Insemination after formation of the first polar body results, as Lillie (1915) 
has shown, in a tendency toward a decline of fertilizability and of subsequent de- 
velopment. Abnormalities become pronounced when eggs are inseminated 30-60 
minutes after the formation of the second polar body. 

To summarize: there is a period of progressive ripening of the karyocytoplasm. 
Optimum ripening is heralded by the development of the polar asters and the initia- 
tion of the sperm pronucleus to form its aster. After this period there is a decline 
in the proper functional interrelations between the sperm and karyocytoplasm. 
The decline is made evident by the fact that sperm entry, subsequent to second 
polar body formation, results in an increasing abnormality of cleavage. 


II. Observations on Bisected Eggs 
A. Unfertilized eggs bisected and the fragments immediately inseminated 


1. Early bisections up to about ten minutes before first polar body formation. 
* Thirty pairs of fragments were studied. The cutting was done at 25, 40 and 60 
minutes after deposition of the eggs in sea water (ca. 10, 25 and 45 minutes re- 
spectively after the germinal vesicle had disappeared). Each pair of fragments 
was then inseminated immediately. Figure 2 is representative of all the cases. 
The sperm aster in the non-egg-nucleated fragment appeared earlier than in the 
egg-nucleated fragment. Its time of appearance was always after the companion 
fragment had formed its first polar body and two to three minutes before the forma- 
tion of the second polar body. On the other hand, in the egg-nucleated fragment, 
the sperm aster never appeared until two to three minutes after the second polar 
body had been formed. This difference between the two fragments was reflected 
in the earlier cleavage of the haploid fragment. 

2. Late bisections immediately before and during first polar body formation. 
Twenty pairs of fragments were studied. In all of them the sperm aster appeared 
simultaneously at about two to three minutes after formation of the second polar 
body in both non-egg-nucleated and egg-nucleated fragments of each pair. The 
cleavage time of both fragments was simultaneous. 


B. Eggs fertilized early and fragmented at varying times until shortly after first 
polar body formation 


The eggs were inseminated 25 minutes after deposition in sea water, that is, 
shortly after dissolution of the germinal vesicle. In many of the bisected eggs 
both male and female nuclei lay in the same fragment. These double nucleated 
fragments, regardless of the time of cutting, behaved exactly like the whole eggs in 
regard to the time of polar body formation, appearance of the sperm aster and 
subsequent cleavage. Attention was devoted to the few fragments in which the 
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sectioning had separated the sperm from the egg nucleus. Four fragments were 
of eggs cut at 35 minutes; three at 50 minutes, and six at 74 minutes after deposi- 
tion in sea water. ; 

The results are shown in Figure 3. In the eggs (A,) cut 35 minutes after 
deposition in sea water, the sperm aster (A,) appeared after the first polar body 
of the companion fragment and two to three minutes before the second polar body. 
In an egg (B,) cut at 50 minutes, the sperm aster (B,) appeared simultaneously 
with the second polar body of the companion fragment. In an egg (C,) cut at 
74 minutes, the sperm aster (C,) appeared after the second polar body in the 
companion fragment. D represents the first cleavage stage, at 170 minutes, of 
the eggs, A, B, and C. Cleavage occurred, as is to be expected, only in the frag- 
ment containing the sperm pronucleus. The egg nucleus in the other fragment 
produced the first and second polar bodies at the same rate as that of fertilized 
control whole eggs and, finally, moved to a central position in the fragment, where, 
as the female pronucleus, it enlarged somewhat but otherwise remained quiescent. 
The time of appearance of the polar bodies was thus seen to be the same, irrespective 
of when the sperm pronucleus had been separated from the egg nucleus by the cut- 
ting process. Evidently neither a brief nor a long sojourn of the sperm pronucleus 
in cytoplasmic continuity with the egg nucleus affects the hastening which the 
fertilization process induces in the formation of the polar bodies. 


100 min. 


105 min. 1eo ania 


Ficure 2. Asterias egg bisected 40 minutes after deposition in sea water, both fragments 
inseminated simultaneously. 

A. At 40 minutes. Cutting of unfertilized egg with microneedle, n. 

B. At 100 minutes. Both fragments with fertilization membranes. Haploid fragment with 
sperm aster, s.a. Diploid fragment with first P.B. which had formed 25 minutes earlier. 

C. At 105 minutes. Haploid fragment with considerably enlarged sperm aster. Diploid 
fragment with beginning sperm aster and second P.B. which had formed two minutes earlier. 

D. At 165 minutes. Haploid fragment just after completion of first cleavage. Diploid 
fragment still in amphiaster stage. 
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170 min 


Figure 3. Three eggs inseminated 25 minutes after deposition in sea water and then 
bisected at different times so as to have sperm pronucleus in one fragment and egg nucleus in 
the other. 


A. Cut at 35 minutes (10 minutes after insemination), A,. At 97 minutes, A,. Beginning 
sperm aster, s.a., appears in one fragment and first P.B. in companion fragment. 

B. Cut at 50 minutes (25 minutes after insemination), B, At 99 minutes, B,. Beginning 
sperm aster appears in one fragment and beginning second P.B. in companion fragment. 

C. Cut at 74 minutes, just after the first P.B. has formed, C,. At 101 minutes, C,. Be- 
ginning sperm aster appears in one fragment and completed P.B. in companion fragment. 

D. Condition of all three bisected eggs at 170 minutes. Sperm-haploid fragment has cleaved, 
while egg nucleus, ¢.n., of companion fragment has taken a central position and remained inactive. 


DIscussION 


The results presented in this paper stress two major features concerning the 
events after the material of the germinal vesicle has mixed with the cytoplasm of 
the egg. One deals with the maturation of the karyocytoplasm; the other, with 
the fertilization process of the male and female nuclear elements in their relations 
to the maturing karyocytoplasm. 

Delage (1899) had already surmised that the dissolution of the germinal vesicle 
is essential to maturation and fertilizability of the sea urchin egg, and confirmed 
it from his merogonic experiments (1901) on the immature eggs of Asterias 
glacialis. 

In our experiments with Asterias forbesii the disappearance of the germinal 
vesicle and the mixing of its hyaline fluid with the granular cytoplasm lasts about 
10-15 minutes. The resulting karyocytoplasm contains the definitive egg nucleus. 
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Any viable fragment of this karyocytoplasm is fertilizable. The significant feature 
is that the karyocytoplasm must undergo a protracted maturing process. The 
prime evidence for completed karyocytoplasmic maturation is the appearance of 
asters initiated in the egg either by the egg nucleus in forming the polar bodies, 
or by the spermatozoon in forming its sperm aster. 

It is of interest to note that when the fertilization process is initiated in eggs 
with still maturing karyocytoplasm, the activity of the egg nucleus starts earlier 
than it would if the egg were unfertilized.* On the other hand, the activity of 
the sperm pronucleus in forming its aster starts /ater when it is associated with the 
egg nucleus than it does when it is isolated in a separate body of karyocytoplasm. 
This indicates that the fertilization process accelerates the egg nucleus to polar body 
formation, while the presence of the egg nucleus delays the formation of the sperm 
aster. As an example of this, let us consider the situation in which an egg nucleus 
and a sperm pronucleus are lying together in karyocytoplasm which is still matur- 
ing. Upon completed maturation of the karyocytoplasm, there is initiated around 
either the male or the female nucleus a localized, centripetal cytoplasmic stream- 
ing which becomes evident to the eye as asters. The first asters to appear are those 
of the polar spindles of the egg nucleus. Not until the second polar body has been 
eliminated is there any sign of cytoplasmic streaming centered about the sperm 
pronucleus for the formation of the sperm aster. The course of these phenomena 
is of phylogenetic interest, viz., the fact that it is the egg nucleus rather than 
the sperm around which the radial streaming first occurs. 

In the development of the sex elements, the last step taken by the fully grown 
primary oocyte is to undergo two successive cleavages (equational and reductional). 
In the early history of sex the resulting four egg cells may be equal in size or, 
in accordance with later evolutionary changes, they may be unequal, viz., the typical 
egg and its three polar bodies. In either event, growth of the mother cell, followed 
by two successive nuclear mitoses, has been repeated presumably over countless 
periods of time before the male sex cell came into being. This would establish a 
condition such that the maturation of the karyocytoplasm tends to lead directly to 
the formation of the two polar bodies. The sperm in the egg is a relatively late 
comer in evolution so that reactions concerned with it should come after, with the 
development of the sperm aster and eventually the amphiaster of the first cleavage 
spindle of the fertilized egg. This might be regarded as a case of evolutionary 
memory, colloidal or otherwise. 

When the sperm pronucleus is isolated in a non-egg-nucleated fragment of an 
egg with karyocytoplasm which has not yet become mature, maturation leads to 
cytoplasmic streaming and aster formation about the sperm pronucleus. There is 
no egg nucleus to assert priority, and the result is that the sperm aster appears 
before it otherwise would. 

When insemination occurs after the karyocytoplasm has completed its matura- 
tion, the conditions which now exist do not call for an interplay of the reactions 
described above. In a completely mature egg, the lapse of 30 to 35 minutes be- 


2 Recently, Lovelace (1947) was able by artificial means to accelerate the penetration oi the 
spermatozoan in the Nereis egg. She found that this.induced earlier formation of the polar 
bodies than would have been the case if the sperm had penetrated later. Fol (1879, pp. 117 
and 335) had already noted that for the Asterias egg, polar body formation is accelerated by 
early insemination of the egg. 
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tween sperm entry and appearance of the sperm aster is just about the time between 
the initiation of the first and completion of the second polar body. Therefore, if 
sperm entry occurs at the earliest moment of completed karyocytoplasmic matura- 
tion, i.e., just prior to the formation of the first polar body, the astral streaming 
of the polar body spindles will have been completed before the sperm aster begins 
to be appreciable. 

An indication of the necessity for proper time relations between the formation of 
the sperm aster and that of the polar body asters is given in extremely interesting 
experiments performed years ago by A. Brachet (1922). Brachet discovered a 
means of disturbing these time relations, and by doing so secured abnormal astral 
configurations. Brachet found that the immature eggs of Paracentrotus, on being 
removed from the ovary, could be stopped at various stages of their maturation by 
plunging the eggs into sea water. In the sea water these eggs readily became 
polyspermic, and the sperm whicli had entered continued to develop and formed 
sperm asters. These asters either remained small or grew to larger dimensions 
according to the stage of the eggs they were in. The stages of special interest in 
this discussion were those of the eggs possessing egg nuclear polar spindles and 
their asters. Sperm asters present at the same time became intermingled with 
them and formed abnormalities such as tripolar mitoses, etc. Fol was also able 
to observe similar discrepancies in polyspermic Asterias eggs. In the event that 
several sperm asters appeared while the chromosomal vesicles of the egg nucleus in 
mitosis were still infused, Fol noted that one or more of the vesicles became in- 
corporated in the sperm asters, thus upsetting the normal course of events. 

The avoidance of such a phenomenon is ensured in the Asterias egg, which 
normally matures in sea water and which is fertilizable at any stage during its 
maturation. In monospermic eggs an appropriate time-spacing between the male 
and female nuclear events is occasioned by the following: On the one hand, the 
formation of the egg-nuclear polar bodies is accelerated by the fertilization process, 
while on the other, the appearance of the sperm aster is delayed by the presence of 
the egg nucleus. The two features combine to separate in time the formation of 
the polar bodies from the formation of the sperm aster. The result is that in the 
normal course of development, the cytoplasmic streaming, involved in the forma- 
tion of the polar body asters, reaches completion before the initiation of the stream- 
ing associated with the growing sperm aster. It appears, therefore, that the 
peculiar interrelations between karyocytoplasm, egg, and sperm nuclei are of service 
in preventing a possible interference between the reactions concerned in polar body 
formation and those concerned with preparation of the fertilized egg for its first 
cleavage. 


SUMMARY 


Full-sized germinal vesicle oocytes of Asterias forbesii undergo normal matura- 
tion in sea water. At 16° C. the first polar bodies are formed in about 80 minutes, 
and the second, in 108 minutes. The eggs are sperm-fertilizable from the time of 
germinal vesicle breakdown until some time after elimination of the second polar 
bodies. Fol (1879, p. 204) indicated that the optimum time for insemination is 
after germinal vesicle breakdown up to the first polar body formation. In accord- 
ance with Fol, the earliest period for the sperm aster to appear was found to be 
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always a few minutes after the formation of the second polar body. A feature to 
be stressed is the progressive change of the karyocytoplasm induced by the mixing 
of the contents of the germinal vesicle with the cytoplasm during maturation. 


Maturation of the karyocytoplasm 


1. When eggs are inseminated two to three minutes before first polar body for- 
mation or later, the time for the sperm aster to appear in the living egg is about 
35 minutes at 16° C. 

When the eggs are inseminated at any time prior to the above, the time taken 
for the sperm aster to appear is equal to 35 minutes plus the interval between the 
time of insemination and the time of initiation of the first polar body. 

Evidently, therefore, the time of appearance of the sperm aster is a function of 
the maturation of the karyocytoplasm. The maturation begins at the time of 
germinal vesicle breakdown and reaches completion two to three minutes prior 
to formation of the first polar body. In a fully mature karyocytoplasm the interval 
between sperm entry and the appearance of the sperm aster is constant. 


The egg nucleus 


2. Sperm-fertilization of whole eggs or of egg-nucleated fragments accelerates 
the egg nucleus in the formation of its polar bodies. The earlier the insemination 
the greater is the acceleration. 

3. The effect of the fertilization process in accelerating polar body formation 
persists after removal of the sperm pronucleus. This was ascertained by removing 


the sperm pronucleus, through bisection, at several intervals of time, the earliest 
being ten minutes after insemination. 

In other words, once given the impetus the egg nucleus maintains its hastened 
progress independently of the presence of the sperm pronucleus. 


The sperm aster 


4. In eggs bisected while undergoing maturation and then inseminated, the 
sperm aster appears earlier in the fragment lacking the egg nucleus than in the 
egg-nucleated fragment. 

In eggs fertilized while undergoing maturation and then bisected at different 
times, the sooner the sperm pronucleus has been isolated from the egg nucleus, the 
earlier the sperm aster appears. 

In other words, the presence of the egg nucleus has a delaying action on the 
development of the sperm aster. However, the earlier the egg nucleus has been 
removed through bisection of the egg, the less is the delaying action. 


GENERAL CONCLUSION 


There is a close interrelation between (a) the fertilization process, (b) the 
ripening of the karyocytoplasm, (c) the development of the sperm pronucleus, and 
(d) the activity of the egg nucleus in forming its polar bodies. The fertilization 
process, by hastening the maturation of the karyocytoplasm, accelerates the activity 
of the egg nucleus in forming its polar bodies. On the other hand, the egg nucleus 
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exerts a lag effect on that feature of the maturation of the karyocytoplasm which 
is concerned with the development of the sperm aster. The net result is the attain- 
ment of an adequate spacing between the times of the cytoplasmic streaming activi- 
ties concerned with polar body formation and those concerned with the develop- 
ment of the sperm aster. This permits normal development of Asterias eggs 
fertilized at any time during their maturation. 
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FORM AND GROWTH IN THE DEVELOPMENT OF A 
SCYPHOMEDUSA 


N. J. BERRILL 
McGill University, Montreal 


The nature and development of the scyphistoma and strobila of certain Scypho- 
medusae have been described a number of times, from various points of view. 

Among the Semaeostomae, our knowledge of Aurelia and Chrysaora (including 
Dactylometra) is fairly complete, although correlations of form and size have not 
been emphasized. The other two forms that have been studied to some extent are 
Pelagia, the egg of which transforms directly into a medusa, and Cyanea. In the 
case of the Rhizostomae the developmental cycle is known for Cassiopea, Cotylorhiza 
and Nausithoe. 

The present account is based upon a collection of scyphistomae and strobilae 
tentatively identified as those of Cyanea capillata Eschscholtz. 


Source OF MATERIAL 


The material was part of an unlabelled collection in the Zoology museum at 
McGill University, a circumstance that adds an uncertainty of original site to the 
usual uncertainty of parentage of scyphistomae found in their natutal habitat. 

Fortunately, the internal evidence is decisive. The scyphistomae were attached 
to ascidians or to eel grass (Zostera marina) to which the ascidians in turn were 
attached. Fastened between some of the ascidiams were several very young 
specimens of Cucumaria frondosa. The presence of the holothurian places the 
locale on the Atlantic coast north of Cape Cod. The ascidian is definitely identified 
as Molgula provisionalis Van Name, a species closely related to M. manhattensis 
and previously confused with it (cp. Van Name, 1945, p. 389). Molgula provi- 
sionalis, however, is recorded only from waters in the general region of Eastport, 
Maine, from Passamaquoddy Bay to Mount Desert. Since it is known that col- 
lections of this species of Molgula, attached to eel grass, have been made at St. 
Andrews Point in Passamaquoddy Bay, there is little doubt that the material is 
part of such a collection, and in any case there appears to be no doubt that these 
scyphistomae came from shallow water near the mouth of the Bay of Fundy. 


IDENTIFICATION OF MATERIAL 


Identification of the genus and species is rather more difficult. The obvious 
suspects are Aurelia aurita and Cyanea capillata, since both of these are abundant 
in the region. Dactylometra quinquecirrha (a “Chrysaora”) reaches the shore- 
line at Cape Cod, but is not reported from inshore waters of northern New England. 
The most northerly occurring rhizostomid of the Atlantic coast is Rhopilema ver- 
rilli, a southern form that occasionally strays into Long Island sound. The only 
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remaining form is Phacellophora ornata, another semaeostomid, which is known 
only from Eastport and the Bay of Fundy as two isolated records, by Verrill in 
1869 and Fewkes in 1888. 

The strobilae do not resemble those of Aurelia (cp. Percival, 1923) or Chrysaora 
(cp. Chuin, 1930), and while they are remarkably like those of the rhizostomids 
Cassiopea (cp. Bigelow, 1900) and Cotylorhiza (cp. Claus, 1892), it is not rea- 
sonable to assume the occurrence of an unknown rhizostomid in the region in ques- 
tion, nor to extend the range of Rhopilema from Long Island Sound through the 
five hundred miles of cold water north of Cape Cod. The alternatives remain 
Cyanea or Phacellophora, and the absence of any record of Phacellophora during 
the last sixty years makes it a most unlikely candidate. It is provisionally as- 
sumed, therefore, that our scyphistomae and strobilae belong to Cyanea, even though 
the somewhat brief earlier descriptions of the life cycle of Cyanea are significantly 
different from the account given here. 

The Cyanea of the western Atlantic is C. capillata Eschscholtz. According to 
Mayer (1910), C. arctica Perén and Lesueur and C. lamarckii Peron and Lesueur 
are synonymous, or at the most are varieties of doubtful stability. The embryonic 
and early larval stages have been intensively studied by Hyde (1894) as C. arctica. 
Young scyphistomae were reared by L. Agassiz (1862) as C. arctica and by Perez 
(1920) as C. capillata. Planulae were reared in aquaria through the scyphistoma 
to the strobila and ephyra stages by Hargitt (1902 and 1910) as C. arctica and by 
Delap (1905) as C. lamarckii. The scyphistomae described by the above investi- 
gators might well be of one and the same species, but the strobilae are very dif- 
ferently described and in neither case do they conform at all closely with the one 
given here. Both Hargitt and Delap obtained planulae directly from known 
medusae, and the difference expressed in their descriptions must be due either to 
differences in culture conditions or to a genetic difference in the parent organisms. 
These differences will be discussed following the description of the present ma- 
terial, which in spite of the element of doubt will be assumed to be that of Cyanea 
capillata. 


GROWTH OF THE SCYPHISTOMAE 


Since there is no indication that long lateral stolons are formed, as in Aurelia, 
that could produce buds at a considerable distance from a parent scyphistoma, the 
minute individuals found in scattered and very isolated positions are assumed to be 
newly attached planulae. The possibility of migratory buds, however, is not ex- 
cluded. Typical examples are shown in Figure 1, A—D. 

The planula apparently attaches by its narrow end, and in some cases at least 
sends out two or three root-like processes of attachment (Fig. 1, A, B). Four 
tentacles appear around the developing manubrium, while four more are added, 
bringing the number to eight without significant change in size from the original 
state (Fig. 1,C,D). Eight new tentacles appear, raising the total to sixteen, again 
with little increase in the size of the whole. 

At the same time a small bud protrudes from the wall of the hydroid at or near 
the junction of the body and stalk (Fig. 1E). Similar buds, appearing at the 
same site, occur in scyphistomae of all sizes (Fig. 1, G-J), although many scyphis- 
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tomae equally representative of all sizes were found without buds (Fig. 1F). The 
conclusion is that a series of such buds may be produced by an individual scyphis- 
toma. The first appearance of a bud in a minute scyphistoma is in itself an expres- 
sion of a local acceleration of growth, and it would be gratuitous to assume that 
this growth would become abruptly arrested and that the same bud would remain 


A B 


OD Goad 


Ficure 1. Growth and budding of scyphistomae of Cyanea capillata. A, B, attached 
planulae. C, 4-tentacle scyphistoma. D, 8-tentacle form. E, 16-tentacle scyphistoma with 
lateral bud. F, larger form without bud. G, H, I, J, older scyphistomae with buds. 


but little changed in relative proportions in the large scyphistomae. It is more 
reasonable to interpret the conditions illustrated as being either the production of 
several buds successively from one site, or the production of but one bud, though at 
different stages of growth among different individuals. 
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In the great majority, the direction of growth of the bud is from the top of the 
stalk downwards towards the substratum. Growth of the bud is primarily stolonic, 
and is mainly by terminal proliferation of cells (cp. Fig. 1J). The largest scy- 
phistoma of this type is shown in Figure 2B. No indication that such outgrowths 
extend to any distance has been found, and the occurrence of associations such as 
that shown in Figure 1, A and E, suggests that the buds grow down to become 
attached to the substratum close to the base of the parent, and constrict off from 
the parent at the point of origin. 


Ficure 2. Fully grown scyphistomae of C. capillata. A, commencement of strobilation 
B, with bud directed downwards. C, D, with buds directed anteriorly. E, detached and 
attached bud at base of parent. F, metamorphosing scyphistoma with late bud. 


In a minority of cases the bud grew upwards instead of downwards (Fig. 
2, C, D) and in one case grew from the top of a long tenuous stalk that was bearing 
a metamorphosing scyphistoma at its end. Conditions such as these probably lead 
to those shown in Figure 3, A and B. In fact, Figures 2C and 3A might well be 
placed in sequence, the scyphistoma of Figure 2C having partially metamorphosed 
to become an ephyra in Figure 3A, the bud of Figure 2C having become a scyphis- 
toma in Figure 3A, while the mutual relationship of the stalks remains unchanged. 
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On the other hand, the comparable stages of .metamorphosis exhibited by the 
two heads of the individual shown in Figure 3B suggest the possibility that the 
division of the distal end preceded differentiation into scyphistomae, especially 
since the head that is somewhat the smaller is actually the more advanced, for only 
the eight interlobular tentacles remain. Such a condition seems more likely to arise 


C2? 


Ficure 3. Retention and division of buds of C. capillata. A, bud forming scyphistoma 
attached to stalk of parent. B, double-headed strobila. C, strobila with three-headed scyphis- 
toma attached to stalk base. 


at the point of detachment of a bud from its parent than at the distal end of a newly 
attached planula. This is somewhat forcibly indicated by the example shown in 
Figure 3C. The parent scyphistoma is well advanced in its metamorphosis into an 
ephyra. The associated stalk may possibly have arisen from a bud similar to that 
seen in Figure 2D, but one arising even more proximally, or equally, if not more 
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likely, from a bud that grew downward from the usual site to become attached at 
the base of the parental stalk. In any case its distal end has given rise to three 
scyphistomae of approximately equal size. It does not seem possible that any one 
of the three could have given rise to the other two by budding, for there is too 
close an identity of size and form. In one of the three individuals a bud is growing 
downward, almost like a regeneration of an additional stalk to compensate for the 
multiplicity of heads. 


FORMATION AND DEVELOPMENT OF STROBILAE 


During the process of growth, the scyphistoma becomes progressively differ- 
entiated into stalk and head as in Figure 1I. In many cases metamorphosis into an 
ephyra occurs in a typical manner and purely as a monodisk. The head shortens 
and widens, eight of the sixteen tentacles resorb during the formation of the eight 
rhopalia, while somewhat later the eight interlobular tentacles are also resorbed. 
At the same time, the outer margin of the scyphistoma divides into eight 
lobes corresponding to the lappets of the future ephyra. 

While in many cases a single ephyra may form from the head of a scyphistoma, in 
as many others, if not more, two or three ephyrae are produced in series. Whether 
one or more are to be formed is discernible from the contour of the scyphistoma 
before there is any other metamorphic indication, as in Figure 1J and 2A. In 
most cases, if not all, the interlobular tentacles are retained until shortly before the 
ephyra is set free (Fig. 3A). In no case have tentacles been seen in a developing 
ephyra that is second in line. 

Three stages in the later development are illustrated by Figure 3, A, C, and E, 
representing the eight-tentacle stage (3A), all tentacles resorbed (3C), and the fully 
developed ephyra on the point of liberation (3C). 

Cases such as the one shown in Figure 3B, in which two ephyra are almost at 
the same advanced stage of development, suggest that the ephyra probably grows 
to a certain critical size, when its development is functionally complete and it is 
ready to be set free, even though greater differences in size may be more evident 
at an earlier stage (cp. Fig. 3A). The individual shown in Figure 3D probably 
represents a second ephyra, the first having been liberated, and the same may be 
true for the primary individual in Figure 2C. Otherwise there is considerable 
variation in the time or size at which all tentacles become resorbed. 

In all of the individuals with ephyrae, shown in Figure 3, there is present a 
relatively small basal swelling at the junction with the stalk, suggestive of a third 
ephyra. Marginal lobes tend to develop, though not in relation to any particular 
size (cp. Fig. 3A, 7D), and it is possible that an ephyra would have developed. 
The fact, however, that no individual has been found with three unmistakable 
ephyrae in process of formation may mean one of two things ; either the third effort 
remains abortive, or else the first ephyra is always liberated before the third is 
definitely established. 

It is notable that these third attempts at annular growth usually bear short 
tentacles in the lobular position (e.g. Fig. 3, C and E), possibly indicative of the 
re-establishment of the scyphistoma state. 

A number of isolated stalks were found, of the same size as the largest bearing 
ephyrae, which possessed four distal tentacles as in Figure 3F. These may rep- 





DEVELOPMENT OF A SCYPHOMEDUSA 289 


resent a return to the scyphistoma condition as is generally the case in Aurelia and 
Chrysaora, giving rise to another crop of ephyrae at some later time. On the 
other hand no scyphistoma was found that had a fully grown stalk and a head with 
either eight or sixteen tentacles. In our opinion such stalks as that illustrated are 
merely the final differentiation of the residual stumps after the ephyrae have been 
liberated, and in this form they do not give rise to further generations. 


DIscussION 


The essentially monodisk character of strobilation just described is much more 
reminiscent of the strobilae of the rhizostomids Cotylorhiza tuberculata (Claus, 
1892) and Cassiopea xamanchu (Bigelow, 1900) than the polydisk strobilation 
deseribed for Cyanea lamarckii by Delap (1905) at Valencia, and much more ex- 
treme than that of Cyanea arctica as described by Hargitt (1910) from Woods 
Hole. The question arises whether the differences indicate different parentage 
or a varying response to different conditions of growth. 

Both size and shape appear to determine the type of strobilation, and since 
there is the possibility that the type may vary greatly with external conditions, it 
may be well to exclude Aurelia as a candidate somewhat more definitely. In the 
first place, a freshly liberated ephyra of Aurelia has a relatively shorter manubrium, 
gastral filaments much more remote from the manubrial base, and less sugges- 
tion of inter-rhopalial tentacles, than the ephyra of our present form shortly before 
liberation. Secondly, the manner of budding of the scyphistomae is markedly dif- 
ferent. If the choice lies between Aurelia and Cyanea, as it appears, there is little 
doubt that Cyanea is the parent form. 

The growth of a scyphistoma up to the time of liberation of an ephyra is divisible 
into three phases. The first concerns the transformation of the planula into a 16- 
tentacle scyphistoma. This phase has been intensively studied in relation to the 
manner of origin of the stomach pouches and the order in which the tentacles arise. 
Neither of these features greatly concerns us here; our main interest lies in the 
manner of growth and budding of the scyphistoma, and in the strobilation to. form 
ephyrae. 

The second phase, the growth of the 16-tentacle scyphistoma, is associated with 
the production of buds. In both the rhizostomids, Cotylorhiza and Cassiopea, buds 
arise one at a time from the scyphistoma body wall above the apex of the stalk. 
The buds break free, are ciliated and free-swimming, but they eventually settle and 
become attached by their original outer end. 

In the semaeostomids Aurelia and Chrysaora, buds are formed initially as lateral] 
outgrowths from the body wall near the base of the scyphistoma. They grow out 
as stolons for a considerable distance before becoming attached (Fig. 5B) either to 
give rise to a new scyphistoma at the point of attachment, or to one or two scyphis- 
tomae at some place between origin and attachment. The connection with the 
parent is finally broken. 

In our Cyanea the buds arise from a site equivalent to the point of origin in 
Cotylorhiza and Cassiopea, but grow longer and downward to become attached 
basally by the time separation from the parent takes place. In both types, how- 
ever, the scyphistoma head grows from the upper end of the bud. It is therefore 
intermediate in character between that of Aurelia and Cassiopea. The three kinds 
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Figure 4. Strobilae of C. capillata. A, strobila with two ephyra and possible third. B, 
strobila with two equalized ephyrae. C, strobila with advanced ephyra and a potential second 
bearing scyphistoma tentacles. D, strobila with second ephyra well developed and a potential 
third. E, ephyra on point of liberation. F, post-strobila stalk with four tentacles. 
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of buds are essentially the outcome of two variables, the direction of outgrowth 
and the intensity of growth. Subsequent development depends upon the orienta- 
tion of the outgrowth, and a new scyphistoma always arises from an upper surface, 
whether it be the distal or proximal end of an outgrowth or from some point on its 
side wall. 

The question of monodisk or polydisk strobilation concerns both size and shape, 
both of which are expressions of growth. In monodisk development, growth in the 
basal part becomes progressively linear and apparently becomes arrested, while 
anterior growth becomes progressively transverse. Between the two regions there 
is a steep growth gradient producing a comparatively abrupt transition from head 
to stalk. 

In contrast to this, the scyphistoma of Aurelia exhibits no such differentiation, 
and both transverse and linear growth occur throughout, so that while growth in 
length of the whole is the greater, transverse growth continues in basal as well as 
anterior regions. A large scyphistoma is therefore not very different in shape 
from a small one. 

Shape is probably one of the main factors in determining the nature of strobila- 
tion. Constrictions carve off the shallow saucer-like discs of the scyphistoma to 
form ephyrae, and whether one, two, or many such discs can’ be produced is mainly 
a matter of the shape of the whole and the extent of growth occurring at the various 
levels. In this light, the difference between monodisk and polydisk strobilation is 
primarily a difference in the extent to which significant transverse growth can be 
maintained along the antero-posterior axis of the scyphistoma (cp. Fig. 2A, 5C). 
This activity may well vary with different conditions of temperature and food 
supply. : 

The scyphistomae reared by Delap grew steadily through summer months, ap- 
parently without producing buds, in each of two successive years, and in each year 
strobilated to form eight to eleven ephyra in late winter when the temperature fell 
below 45° C. The scyphistomae were abundantly fed with small planktonic organ- 
isms throughout the whole period. Those reared by Hargitt were fed even more 
concentratedly, at relatively high temperatures, and grew to the strobila condition 
with astonishing rapidity. One to five ephyrae were produced, with an average of 
three to four. Hargitt states that buds were seen but were extremely rare. For- 
tunately Delap gives the scale of her drawing of the strobila, so that a comparison 
of actual size is possible. Her polydisk strobilae are approximately three times 
the height of ours, and have no sharp division into stalk and head. 

Our own scyphistomae were without doubt collected during the summer or 
late spring, and in Passamaquoddy waters would accordingly be developing at 
low temperatures (below 50° C.), even though maximum for the region. Growth 
would be relatively slow at the prevailing temperature and the food supply would 
probably fall far short of the degree of forced feeding employed by Hargitt and 
Delap. 

The form of the sessile phase of the Hydromedusae responds sharply to varying 
conditions of temperature and food supply (Berrill, 1948, 1949) and it would be 
expected that the scyphomedusae would also react, in their own way. Differences 
in relative growth rates, however, may very well be inherited within the limits of a 
single species, and different races of Cyanea capillata may vary in the quantitative 
growth response their respective scyphistomae make to changing external conditions. 
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SUMMARY 


The developmental cycle of a scyphomedusa, probably Cyanea capillata Esch- 
scholtz, is described, with emphasis upon the correlation of size and form. 

The nature of the budding process, giving rise either to free buds or to double- 
headed forms, is described, 

An analysis of monodisk and polydisk strobilation is given in terms of growth, 
size and shape. 
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FUNDAMENTAL PRINCIPLES IN OXIDATION-REDUCTION *? 


L. MICHAELIS 


From the Laboratories of The Rockefeller Institute for Medical Research, New York 


Oxidation of organic compounds is the source of energy for living organisms. 
This mechanism of supply of energy is made possible by the fact that the organic 
compounds used as food, as well as the oxidizing agent, molecular oxygen, are 
inert and can, at the proper time, be activated by catalysts so as to interact with 
each other. This inertia is due to the principle of “compulsory univalent oxida- 
tion” or of “single-electron transfer.” This may be explained as follows. Oxida- 
tion is, primarily, the withdrawal of electrons. It is unessential for the process 
proper of oxidation whether a proton is withdrawn together with the electron. If so, 
oxidation is the same as dehydrogenation. Reduction is the reversal of oxidation. 
The principle just mentioned states that any bivalent (or polyvalent) oxidation or 
reduction has practically no other chance to proceed than in successive transfers of 
a single electron, or, in “univalent steps” of oxidations or reductions. These steps 
may overlap, and often to such an extent that the nature of the two-step process is 
difficult to recognize. In this way, “bivalent” oxidation or reduction of such sub- 
stances as quinones and dyestuffs was conceived until recently as a bivalent process 
occurring by the simultaneous transfer of a pair of electrons. 

The experimental evidence for the principle of single-electron transfer can be 
furnished essentially by two methods: measurement of redox-potentials, and meas- 
urement of magnetic susceptibility. 

In a reversible redox system, if it is a univalent one, such as Fe***—Fe**, the 
molecular species involved can exist on two levels of oxidation. If it is a bivalent 
one, according to the principle of single-electron transfer, it can exist on three 
oxidation levels : the reduced form, R ; the semioxidized, S; and the totally oxidized, 
T, which are related to each other as follows (e is the electron) : 


R2S +e 
S2Tr+e 


The equilibrium 2S = R + T is always established with unmeasurably high speed, 
just as the equilibrium of electrolytic dissociation, in contrast to most other reactions 
in organic chemistry which usually are relatively slow, the rate being measurable 
and strongly dependent on temperature. 

All valence-saturated organic compounds have an even number of electrons, 
each chemical bond being represented by an electron pair. So, any S compound 


1 Paper presented as part of a Symposium of the Society of General Physiologists, Woods 
Hole, September, 1948. 

2 This paper was originally presented with the aid of about fifty lantern slides representing 
experimental evidence and a few demonstrations of experiments. The abstract given here is 
made up in a form supposed to be understandable without this aid. 
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must have an odd number of electrons; it must be a free radical. Two molecules 
of a free radical may or may not combine to form a dimer, D, which again has an 
even number of electrons. In most cases, among organic dyestuffs of the type 
of methylene blue, or the flavine dyes of the yellow respiration enzymes, the inter- 
mediate form is a free radical, S, and not D. The existence of an intermediate 
form, be it S or D, can be easily recognized on oxidizing R or reducing T, because 
the intermediate form usually has a color of its own. Whether it is S or D can be 
recognized as follows. When a solution of R is titrated with an oxidizing agent, 
and the potential at a blank platinum electrode is plotted against the percentage 
of oxidation, the curve obtained in this plot is independent of the initial concentra- 
tion of R, if the intermediate form is S; in contrast, its shape strongly depends on 
the initial concentration if the intermediate form is D. The experiment shows that 
in most cases there is S; in some cases, at higher concentraton, some D may be 
in equilibrium with S. Furthermore, the equilibrium constant, called the semi- 
quinone formation constant 


(SP 


[R] x [T]~ * 


can be measured with this method: The slope of the titration curve depends on k. 
One can calculate k from this slope. If k is very large (> 16) the titration curve 
is not simply S-shaped but shows a steepening around 50 per cent oxidation, which 
directly manifests the two steps of the oxidation. 

The magnitude of k depends on the chemical nature of the redox system and on 


pH. For cationic redox systems (say. basic dyestuffs) k increases with decreas- 
ing pH; sometimes the separation into two steps is clearly recognizable in ex- 
tremely acid solution, e.g. in methylene blue. For anionic redox systems (such as 
quinone systems), k increases with increasing pH. However, k never becomes 
vanishingly small for reversible redox systems. The fact that S at any pH is 
capable of existence in a finite concentration, is the condition sine qua non for the 
reversibility of the redox system. If k is utterly small, it means that the S state is 
capable of existence only in infinitely small concentration. Since the oxidation 
has to pass through the S-state, it means that the rate of the oxidation or reduc- 
tion is slow, that a high activation energy is required both in the direction R + T 
as well as T—R. For instance, the oxidation of ethanol to acetaldehyde is ir- 
reversible and needs a high activation energy because the S form (which would be 
CH,-CH-OH, a free radical with “tervalent” carbon), is utterly unstable. If 
this process has to be made reversible, as it is in the living organism, some means 
must be provided to increase the stability of the S form. 

Another method of démonstrating a free radical, S, during the reduction of 
T-—>S is the measurement of magnetic susceptibility. Since the uncompensated 
spin of the odd electron in a free radical must produce paramagnetism, free radicals 
can be recognized, and their concentration determined, by the measurement of 
magnetic susceptibility. When the solution of a suitable quinone is slowly re- 
duced by glucose in an alkaline solution, the magnetic susceptibility changes first in 
a direction indicative of the appearance of a free radical, later in a direction to 
indicate its disappearance again. 
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Not only does the oxidation of organic compounds as used for food need activa- 
tion, but also molecular oxygen needs activation for its reduction. The successive 
steps of the reduction of O, are: 


O. faite aie! O;- pat tar O;" Se O= ote 2 O= 


or, in presence of water, which can furnish protons: 


3 
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The barrier for this reaction is represented by the high energy content of the 
radicals O,H and OH. A high activation energy is required to reduce oxygen to 
hydrogen peroxide, and also to reduce hydrogen peroxide to water. 

Enzymes concerned with oxidation-reduction exhibit their function in lowering 
the activation energy. The enzyme forms a reversible compound with the sub- 
strate. In such enzymes there are always two substrates: the electron acceptor 
(such as O,, or Fe***, or a flavine dye), and the electron donor (such as glucose or 
lactic acid). One of the two “substrates” represents a coenzyme or a prosthetic 
group such as heme. It is over and over again reduced and oxidized reversibly in 
the course of metabolism. The other “substrate” is the substrate proper. Al- 
though probably all oxidation-reduction processes are conducted in a reversible man- 
ner by enzymes, the whole process, as far as the “substrate” proper is concerned, 
goes one way only because the reaction product is immediately removed and 
shuttled on to another enzyme which will cause a further step in its metabolic 
change. 

The problem as to how the enzyme brings about the lowering of the activation 
energy may be answered as follows. The attractive force exerted by an enzyme 
to its substrate, resembling that of the force between a protein and its immunological 
antibody, brings about the enzyme-substrate compound, and even the ternary com- 
pound consisting of apoenzyme (the protein part of the enzyme), prosthetic group 
and substrate proper. The specific shape of the protein surface forces the sub- 
strate molecule into a shape not attainable spontaneously. The energy released by 
the formation of the compound is not entirely dissipated as heat but used to distort 
the substrate in such a manner as to ease the making of the free radical which is 
the necessary intermediate step of the oxidation or reduction. The free radical 
does not exist, under these conditions, in a free state, but as an intramolecular con- 
stituent of the enzyme-substrate complex only. The case is comparable to the 
“activation” of hydrogen by platinum black. The attraction of Pt towards H, is 
strong enough to squeeze the H, molecule into the lattice of the Pt atoms in which 
it does not entirely fit. The H, is hereby stretched so that it behaves now almost 
as though it consisted of two H atoms. An H atom is the analogue of an S form; 
it contains an odd number of electrons, namely one. The difference is that the 
enzyme ‘is specific, sometimes for the electron donor, sometimes for the acceptor, 
and often for both. 





PLANT HORMONES, GROWTH AND RESPIRATION ! 


KENNETH V. THIMANN ? 


Harvard Biological Laboratories, Cambridge 38, Mass. 


One of the greatest values of the discovery of the auxins as growth hormones 
in plants was that they made it possible to control growth. From the study of 
growth as produced under controlled conditions by auxins came a number of ex- 
periments on the interrelation between respiration and growth. Some of these, 
and the conclusions to which they lead, will be reported in this paper. Problems 
concerned with the rate of formation, use, and inactivation of auxin in the intact 
plant represent another field of endeavor which will not be considered herein. 
It should also be made clear at the outset that the precise chemical nature of the 
auxin of higher plants need not concern us here. Most of the experiments below 
were carried out with indole-acetic acid, which is a natural auxin of widespread 
occurrence in both higher and lower plants. For this type of work the auxin 
is regarded merely as a tool to produce growth at will. 

Now the central problem in regard to auxin and the growth of plants is an old 
one; namely, how it is that one substance can produce many different kinds of 
effects. Visible growth in plants, such as stem elongation, is mainly growth by cell 
enlargement, while the formation of roots or fruits rests in the first stages on a 
great stimulation of cell division, which only later is followed by enlargement. 
Yet both these processes are controlled by the supply of auxin to the tissues. The 
direct effect of auxin on the cambium is also stimulation of cell division. Elsewhere, 
as in lateral buds, auxin, in physiological concentrations, causes compiete inhibition 
of growth. Such a diversity of the ultimate effects of one hormone suggests 
strongly that the results observed are remote from the initial action, and that this 
initial action of auxin on the cell is a fundamental one exerted on some process of 
metabolism. From this hypothetical change in metabolism the visible effects ensue, 
according to the age and location of the cell or tissue, the supply of water and of 
both plastic and catalytic materials, and perhaps also the interaction of auxin with 
other specific substances. 

The purpose of this paper is to consider the evidence that auxin brings about 
growth through causing a change in metabolism. Now it is known in a general 
way that growth of higher plants is aerobic and does not take place in nitrogen. 
This was first shown for a specialized growth reaction, namely geotropic curvature, 
by van Amejden in 1917. More than ten years ago J. Bonner found (1936) that 
growth of the oat coleoptile is directly dependent on respiration and is inhibited by 
cyanide to the same extent that respiration is. On this account van Hulssen tried 


1 Paper presented as part of a Symposium of the Society of General Physiologists, Woods 
Hole, September, 1948. 

2I wish to acknowledge the assistance and contributions (many of them unpublished) of 
Dr. Walter D. Bonner, Jr., and of several students, past and present, including Dr. Schneider, 
Dr. Commoner, Dr. Sweeney, and Mr. Christiansen. 
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to detect an influence of auxin on respiration, using oat coleoptiles, but found no 
effect. Others also obtained negative results, although subsequently it has been 
found that there are some conditions under which auxin may produce an increased 
respiration. The absence of any necessary increase in respiration to accompany 
the increase in growth rate, however, indicates that growth by cell enlargement 
does not involve any considerable overall expenditure of energy. This has been 
shown in another way by the calculations of Goddard (1948) and of Frey-Wyssling 
(1948) whose figures indicate that the actual energy involved in growth is probably 
not over one per cent of the total energy available to the cell from respiration. 
Cyanide, of course, acts on the terminal oxidase and thus inhibits the respira- 
tion of all kinds of metabolites. Its effect, therefore, is not specific. It was thought 
that a fresh approach might be made through studying the effects on growth of the 
somewhat more specific dehydrogenase inhibitors. This at once proved to be 
fruitful and has led to numerous metabolic experiments with growth inhibitors. 


THE EXPERIMENTAL MATERIAL 


At this point mention should be made of the experimental objects often used in 
growth studies. The requirement for strictly uniform plants available in large 
numbers makes it essential to use seedlings, and, because light influences the 
production of auxin and also causes curvature and other complications, the seed- 
lings are almost invariably grown in the dark, and worked on only in red light. 
Of such dark-grown (etiolated) seedlings the most widely used is the oat, the 
coleoptile of which completes its growth in about five days at 25° C., and in which 
all cell division ceases after the first 10 mm. is reached. This provides an ideal 
experimental object, in which the growth involves only cell elongation. Sections 
cut from such coleoptiles grow well in simple auxin solutions, and much better if 
sucrose is added. The optimum concentrations are about 1 per cent sucrose and 
1 to 5 mg. per liter of indole-acetic acid (= 0.6 to 3.0 x 10° M). Another very 
satisfactory etiolated seedling is that of the pea; we use sections cut from the apex 
of the third internode. The growth of these sections is small (about 50 per cent 
of their initial length) but very reproducible; it is not appreciably affected by the 
addition of sugar, and hence this material is convenient for chemical studies. The 
same internodes when slit lengthwise give a large curvature in auxin solutions which 
has been extensively used in assaying synthetic substances for their auxin activity ; 
this response has the advantage of not being nearly so limited in its applicability as 
that of the well known ‘“‘Avena test” of Went, in which the auxin is applied in agar 
to one side of the decapitated coleoptile. 

The growth of seedling sections in pure auxin solution—with sucrose added in 
the case of the oat coleoptile—is of course a highly limited growth process. 
Shorn of the complications due to cell division, mineral nutrition, light and nitro- 
gen supply, these sections represent about the simplest system which can still be 
regarded as growing. The detailed analysis of such a simplified system should, 
however, be the first step towards an understanding of the whole complex of 
growth reactions which takes place under natural conditions. 

The growth of coleoptile sections is highly aerobic. Even submergence beneath 
1 mm. depth of solution retards it about 50 per cent; aeration of such lightly sub- 
merged sections restores the rate to its full value (Thimann and Bonner, 1948). 
In most of our experiments the sections are arranged so as just to break surface. 
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GrowTH INHIBITION BY IODOACETATE 


The growth is reduced or prevented by inhibitors of dehydrogenases. The effect 
of iodoacetate was studied in detail by Commoner and Thimann (1941), who 
showed that growth of coleoptile sections is strongly inhibited by this substance. 
However, concentrations of the inhibitor which reduce growth practically to zero 
have only a very small effect on respiration. (The data on respiration are in excel- 
lent agreement with the later measurements of J. Bonner, 1948). Here again it 
follows that of the total energy released by respiration only a few per cent can 
be needed for growth, for otherwise the complete inhibition of growth could be 
achieved only with a substantial inhibition of respiration. This confirms the ex- 
periments and calculations mentioned above; most of the energy of metabolism 
evidently goes for maintenance. However, it is not excluded that growth might 
involve an appreciable fraction of the respiration, but that when this process is 
inhibited another type of respiration might take its place, so that the total oxygen 
consumption would show little change. We shall return to this important con- 
sideration below. It is also necessary to point out that in the pea stem the relations 
are not quite the same, for here auxin does produce a slight increase of oxygen 
consumption, and growth inhibition is accompanied by a definite respiration de- 
crease (see below). 

An interesting and important effect was observed with iodoacetate; the sensi- 
tivity to this inhibitor varies with the age of the coleoptile. This is shown in 
Figure 1. Young coleoptiles show an incomplete inhibition, as well as a marked 
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Figure 1.8 The total growth, after 48 hours, as per cent of that of the controls, plotted as 
a function of iodoacetate concentration. Curve A, sections from 74 hr. coleoptiles; curve B, 
from 64-66 hr. coleoptiles; curve C, from 54-56 hr. coleoptiles; and curve D, from 96 hr. 
coleoptiles. All solutions contained 1 mg. indole-acetic ‘acid and 10 grams sucrose per liter. 


3 Figures 1, 2, 3, and 5 are from Thimann and Bonner (1948 and 1949). 
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acceleration at low inhibitor concentrations; with the oldest coleoptiles, on the 
other hand, the concentrations necessary for threshold and for 50 per cent inhibi- 
tion are much lower, and the maximum inhibition is very high. Two explanations 
are possible for this effect: 


(a) the amount of enzyme with which the iodoacetate has to combine decreases 
with increasing age ; 

(b) the young plant contains substances which oppose the inhibition and which 
decrease in amount with increasing age. 


Evidence for the latter view will be presented below. First, however, it will be 
convenient to consider in more detail the nature of the enzyme system. 


SULFHYDRYL NATURE OF THE “GROWTH ENZYME” 


It is known that iodoacetate (or iodoacetamide, which behaves similarly) reacts 
with sulfhydryl groups, although as Michaelis and Schubert have shown (1934) 
it is not strictly specific for these. Since the enzyme system which controls growth 
is of great importance, it seemed worth while to determine definitely whether it is 
of sulfhydryl nature or not. The action of a number of other inhibitors has given 
clear-cut evidence on this (Thimann and Bonner, 1949). 

Arsenite and the organic arsenical mapharsen inhibit growth strongly. The 
effective concentrations are lower than for iodoacetate. The extent of inhibition 
by arsenite, unlike that by iodoacetate, does not vary with the age of the coleoptile 
(Fig. 2). The growth of pea stems is also inhibited by arsenite, showing exactly 
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Ficure 2. Data similar to Figure 1 but for arsenite. Sections from the three ages of coleoptiles 
show no significant difference in sensitivity to the inhibitor. 
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the relationship with arsenite concentration to be expected of a titration curve 
(Fig. 3). Such inhibitions can, of course, be regarded as titration of the enzyme 
with the inhibitor. The “titration curves” of iodoacetate are complicated by the 
promotion of growth at low iodoacetate concentrations; arsenite does not produce 
this effect. 

A more specific sulfhydryl reagent is parachloromercuribenzoate, introduced 
by Hellerman et al. (1943). This also inhibits growth and, like arsenite, the 
effective concentrations do not vary appreciably with age. Again the growth and 
slit stem curvatures of peas are also inhibited by this reagent. 
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Ficure 3. Growth, after 24 hrs., of 20 mm. sections of the uppermost internode of 7-day- 
old etiolated pea stems. All solutions contained indole-acetic acid 10 mg. per liter and arsenite 
as shown, but no sucrose. Growth of controls in water is shown at left. 


Finally the phenyl-mercuric salts inhibit growth strongly. The concentra- 
tion for 50 per cent growth inhibition of coleoptile sections is very low, about 
7x 10° M. However, there is reason to believe that these substances are not 
so specific as those above, since they definitely inhibit respiration. At concentra- 
tions which produce 50 per cent inhibition of growth, arsenite, iodoacetate and 
parachloromercuribenzoate exert no detectable effect on coleoptile respiration, 
as shown in Figure 4. The phenyl-mercuric salts thus inhibit somewhat in the 
same way as cyanide. 

Taking the data together it is clear that the growth-controlling enzyme is of 
sulfhydryl composition. This conclusion holds far beyond the higher plants on 
which this work was done, for long ago Hammett, Voegtlin, Chalkley and others 
adduced evidence for the importance of the SH-group in the growth of inverte- 
brates, and recently, Ryan, Tatum and Giese (1944) showed that the growth of 
Neurospora is inhibited by iodoacetate in a manner both quantitatively and qualita- 
tively similar to that of coleoptile sections. This clearly is an aspect of General 
Physiology. 
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Tue Rove or OrGANiIc AcIps IN GROWTH 


Some years ago Commoner and Thimann (1941) found that the inhibition by 
iodoacetate is prevented by malate, succinate, fumarate and pyruvate. More 
recently we have confirmed this and refined the technique of such experiments. 
Isocitrate has a similar effect ; so also, unexpectedly, do maleate and malonate. The 
growth system behaves in this respect like succinic dehydrogenase, which has been 
shown by Hopkins, Morgan and Lutwak-Mann (1938) to be “protected” against 
iodoacetate by these acids.. However, while maleic and malonic acids bring the 
growth rate in presence of iodoacetate back to normal, they have no further effect ; 
malate, succinate, fumarate and isocitrate bring the growth rate considerably above 
normal (Fig. 5). In other words these acids accelerate growth. There are thus 
two phenomena to be distinguished: protection against iodoacetate, and promotion 
of growth. Maleate and malonate, which protect the SH group against iodoacetate, 
do not promote growth, and indeed in higher concentrations (0.05 M) actually 
inhibit it. Growth promotion is limited to the acids mentioned above, with the 
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Ficure 4. The respiration of sections from 72-hour-old coleoptiles in indole-acetic acid 
1 mg., sucrose 10 gms., per liter. Two experiments are shown; the uppermost curve being the 
controls in each case. The inhibitors were added at the arrow, in concentrations which cause 
50 per cent decrease in growth. As: arsenite 1.10° M As,O,. IODA: 5.10° M iodoacetamide. 
ClHgB: 4.10° M parachloromercuribenzoate. PhHgCl: 1.10° M phenyl-mercuric chloride. 
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addition of pyruvate (which is very active when pure), of citrate for young plants 
only, and of acetate. 

These acids active in growth are those of the Krebs cycle. The importance 
of this cycle in respiration is well known, and recently J. Bonner (1948) has made 
it probable that the same or a similar cycle occurs in the respiration of coleoptile 
tissue. The experiments above, and several others, make it clear that malate and 
other acids of the cycle actually participate in the normal growth process. 
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Ficure 5. The effects of malonate, maleate and malate in preventing the iodoacetate inhibi- 
tion of growth. Sections cut from 66-hour-old coleoptiles, breaking surface, in solutions con- 
taining 1 mg. indole-acetic acid and 10 grams sucrose per liter. The iodoacetate was added 7 
hrs. after placing the sections in organic acids. While all three acids act against iodoacetate, 
only the malate increases growth above that of the controls. 


For one thing, treatment with malate makes possible a direct demonstration 
that auxin does influence respiration in the coleoptile. For if coleoptile sections, 
which show no increase in respiration when auxin is added, are first soaked for 
some hours in malate or fumarate, then the addition of auxin at once increases 
their respiration rate. This means, of course, that malate (etc.) is required for 
auxin to exert its full effect, and that when this effect is exerted on growth it is by 
way of a respiratory systém. 

The role of the organic acids in facilitating the action of auxin also makes 
possible an explanation of the effect of age on growth. Some years ago, Mrs. 
Sweeney and I (1942) made a study of the effect of auxin on the rate of proto- 
plasmic streaming in the epidermal cells of the coleoptile. The usual effect of 
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physiological concentrations of indole-acetic acid or other auxins is to accelerate 
the rate of streaming; the process requires both oxygen and sugar, and from its 
dependence on auxin concentration and other features, we deduced that it is 
closely related to the promotion of growth. Now when the coleoptiles are very old 
(120 hours) this acceleration of streaming no longer occurs, but it was found that 
if the old coleoptiles are soaked in malate for some hours, the acceleration is rein- 
stated. This would suggest that in old coleoptiles the concentration of malate has 
greatly decreased. A priori this would seem unlikely since it is known from ex- 
periments on the excystment of protozoa that in fully grown grasses the opposite is 
the case—organic acids increase markedly with increasing age. However, W. 
Bonner has recently shown by direct microanalysis that the amount of malate and | 
other organic acids in the coleoptile does decrease with increasing age (Table I). 


TABLE I 


Organic acids of Avena coleoptiles and pea stems 
All figures per gram dry wt. 





TOTAL ETHER-SOLUBLE crresc 
AVENA SECTIONS _ ACIDS mg 
micro-equivalents 7 


54 hours 432 1.44 
72 hours 329 1.05 
96 hours 284 1.02 


PISUM STEMS 616 1.29 


Another interesting point shown in the table is that the pea stems contain more 
organic acids than any age of coleoptile. Now the pea stems do not show increased 
growth with malate. Furthermore, they differ from the coleoptiles in another 
important respect : the addition of auxin causes a direct increase in respiration rate. 
This increase is about 15 per cent and is maintained for 24 hours or throughout 
the whole period during which growth of the sections takes place. In other words, 
the pea stems behave like coleoptiles pretreated with malate. The correlation 
between this behavior and their content of malate and other acids shows how the 
age effect in coleoptiles is to be interpreted ; the increasing sensitivity to iodoacetate 
with increasing age is due to a decreasing content of the organic acids, which “pro- 
tect” against iodoacetate. Correspondingly, aging causes no increase in sensi- 
tivity to arsenite or parachloromercuribenzoate, because the organic acids do not 
protect against these reagents. 

There are other substances whose decreasing concentrations play a role in 
growth. Preliminary determinations of the keto-acids indicate that they behave 
in a similar way. J. Bonner (private communication) has recently shown that 
arginine also plays a role in growth of coleoptiles, which can be accelerated by 
adding arginine and inhibited by adding the related substance canavanine. In our 
experiments the promotion of growth by arginine is limited to older coleoptiles, so 
that the amount of this substance appears to decrease with age, like the organic 
acids. Doubtless still other materials behave similarly. However, to be able to 
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explain even one aspect of aging in terms of a decrease in concentration of known 
substances in the plant is a definite step forward. 

Why should the amount of these substrates decrease with age? To some ex- 
tent the reason might be merely that the amount contributed by the seed is limited, 
so that the substances are essentially diluted by the increasing volume of the seed- 
ling. But in the case of some of the organic acids there is evidence, which will not 
be presented here, that they are actually used up in the growth process, and when 
growth is inhibited, the rate of their disappearance slows down. This brings us to 
the last part of the subject, namely the phenomena occurring during inhibition. 


METABOLIC CHANGES ASSOCIATED WITH GROWTH INHIBITORS 


Since the pea stem grows very well in auxin solution without sucrose, and 
shows little increase in growth when sugar is added, it seemed to us excellent ma- 
terial for a study of the fate of carbohydrates during growth and inhibition. Sev- 
eral conclusions can be drawn from this work. It appears, first, that the amount 
of reducing sugar which disappears during growth is exactly the same in auxin 
as in water. When it is considered that the growth in auxin is three or four 
times that in water, and that the R.Q. in both cases is close to 1, this result is sur- 
prising. Changes in non-reducing sugars are small and only minute amounts of 
metabolizable polysaccharides are present. It follows that the consumption of 
sugar in growth, both as a metabolic substrate and as a constituent of cell-walls, 
is negligibly small. 

Secondly, when growth is inhibited, reducing sugars do not pile up as might be 
expected, but instead their amount decreases. With 50 per cent growth inhibi- 
tion by iodoacetate, the reducing sugar decreases about 25 per cent more than when 
growing without inhibitor. The same effect is shown by other inhibitors. Typical 
results are shown in Table II (Christiansen et al, 1949). Fluoride has not been 
mentioned above as an inhibitor; its effect in lowering the reducing sugar is some- 
what greater than that of the sulfhydryl-combining inhibitors. This, however, 
may be due to the fact that it slightly increases se after some hours, instead 
of decreasing it as do the others. 

Naturally the fate of the reducing sugar which disappears when growth is in- 
hibited is of the greatest interest. It is not respired away, since respiration is (ex- 
cept with fluoride) decreased. It is not converted to detectable amounts of starch, 
and chemical analyses show that it is not deposited as cellulose or any other wall 
materials. It is not converted to phosphate esters either, since the amounts of 
these, both in inhibited and uninhibited sections, are very small in comparison to the 
amounts of sugar involved. 

In brief it appears that, though the effect is qualitatively the same with different 
inhibitors, the ultimate fate of the sugar differs in each case. In arsenite the sugar 
is converted to neutral ether-soluble material, i.e. fats. In fluoride the same con- 
version occurs but some of the material is respired away, while in iodoacetate, 
surprisingly enough, it is excreted into the solution in the form of organic acids, or, 
more strictly, a quantity of organic acid equal in weight to the sugar which has 
disappeared is excreted into the solution. It should be noted that growing tissues 
normally accumulate solutes vigorously from solution so that an excretion (or 
exosmosis) in quantity is most unusual. The nature of this stem exudate is now 
under investigation ; it contains some fructose and 15 per cent of asparagine. 
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In general the experiments show that inhibitors not only inhibit one process 
(which leads to growth), but they also promote another, which consumes sugars. 
In this respect the phenomena are suggestively similar to. the “uncoupling” of 
phosphorylation by dinitrophenol (Loomis and Lipmann, 1948) which also leads to 
increased disappearance of sugar. Indeed)dinitrophenol does inhibit growth, though 
we have not yet studied it in detail. Space does not permit the detailed presenta- 
tion of data on other inhibitors but it may be mentioned (a) that fluoroacetate, 
which specifically inhibits acetate metabolism, causes a partial growth inhibition 
which can be reversed by adding acetate, and (b) that poisoning the enzyme which 
decarboxylates pyruvic acid does not inhibit, but actually promotes growth. 


TABLE II 


Growth, respiration and reducing sugar of 20 mm. sections 
of etiolated pea stems after 24 hrs. in solution 








REDUCING PER CENT DECREASE 


SUGAR 
as 


GROWTH RESPIRATION 


as per cent 


: cent = 3 
elongation of fresh wt. | (after 12 hrs.) | of growth | of reducing of 
in length sugar respiration 


Initial 1.12 — — 
In water 


In auxin 
(1 mg./1.) 


In auxin plus: 
Iodoacetate 
6 x 10-*M q 0.64 
1X 10°? M . 0.54 


Arsenite 
1 x 10-*M ; 0.71 


1x 10°M 0.51 


Fluoride 
5 xX 10°? M a 0.48 


1x 10?*M ‘ 0.42 








The relation between respiration and growth is thus not a simple one. The 
process mediated by the SH-enzyme appears to be a major limiting factor. It 
either consumes only a small part of the total oxygen and sugar used, or else it is 
readily replaced by an equivalent reaction not causing growth, and it probably is 
a step in the oxidation of pyruvic acid via the Krebs cycle or some modification 
of it. The SH-enzyme is almost certainly one of the dehydrogenases of this cycle. 
It may be noted in passing that attempts to demonstrate an iodoactetate-inhibited 
enzyme of this type in coleoptile brei, by Berger and Avery (1944), failed, but 
this would be expected from the data presented above, because the test has to be 
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made in presence of malate or other dicarboxylic acid, and these very substrates 
protect the enzyme fully against the inhibition by iodoacetate. It also appears that 
the simple decarboxylation of pyruvic acid does not lead to growth, but its oxidative 
decarboxylation and the resulting metabolism of acetate does do so. The inhibi- 
tion of growth in presence of auxin is not the same as the mere absence of growth 
in sections not supplied with auxin; it is a positive process and leads to the diver- 
sion of sugar metabolism into other pathways. The action of an inhibitor is 
that of a switch, diverting the stream of traffic ihto a direction which does not lead to 
growth. Correspondingly the action of auxin itself may also be that of a switch, 
causing the metabolism of carbohydrate, or perhaps more specifically that of 
pyruvate, to go via the growth-promoting system instead of by another. It may 
be, therefore, that the apparently small fraction of metabolism involved in growth is 
a misleading phenomenon and that the true picture is rather one of alternative 
routes involving approximately equivalent amounts of respiration. However, such 
considerations are at present only speculative. 
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